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CHAPTER I 
 
INTRODUCTION 
 
Overview of vacuum microelectronics and vacuum field emission devices 
The development of planar technology for solid-state microelectronic devices and 
integrated circuits has wilted the role of conventional thermionic vacuum tubes in electronics. 
Despite the major drawback in the ease of fabrication, thermionic vacuum tubes have other 
disadvantages. These include large size, high operating temperature, high operating voltage, and 
high power consumption. Although advanced solid-state microelectronic devices have been very 
successful for modern microelectronic applications, they have some disadvantages. These solid-
state devices are vulnerable to radiation and high temperature. In addition, the lifetime of solid-
state devices are not very long and the operating speed is limited by the carrier saturation 
velocity in the solid. On the other hand, the “junctionless” vacuum tube devices are temperature 
and radiation tolerant, high speed, and long life. These superior performances of vacuum tube 
devices over the solid-state devices can be realized if miniature vacuum tubes in micron-size can 
be produced and batch fabricated.  
The research of vacuum microelectronics has been focused on the development of 
vacuum microelectronic devices (VMDs) utilizing micron-size electron field emitters, which can 
be used in microelectronic switching, amplification and control completely analogous to the 
conventional thermionic vacuum tube devices. Since electron field emission instead of 
thermionic emission is used to generate the charge carrier, VMDs can operate at room 
temperature. Thus, the high operating temperature requirement, as in vacuum tube, has been 
removed. In addition, electron field emission can provide higher current density than thermionic 
emission. By keeping vacuum as the active volume of the devices, VMDs should hold high 
temperature and radiation tolerant, high reliability and long life properties as thermionic vacuum 
tubes do. In addition, because of their small size, VMDs can operate much faster than the 
traditional vacuum tubes. Moreover, VMDs can operate faster than solid-state microelectronic 
devices because electrons can move much faster in vacuum than in solid-state material. 
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Table 1.1. Summary of device properties of electron field emission devices, standard 
thermionic vacuum tubes, and solid-state devices for potential applications. 
 
Property Electron field 
emission 
devices 
Standard 
thermionic 
vacuum tubes 
Solid-state 
devices 
Advantages and 
disadvantages of 
field emission 
devices 
Size Micron range Centimeter 
range 
Micron to sub 
micron range 
Much smaller size 
than standard 
vacuum tubes 
Operating 
Temperature 
Room 
temperature 
1000-2000°C Room 
temperature 
General 
applications 
Operating 
voltage (V) 
50-10kV 100-100k V 2.5-15 V Medium to high 
operating voltage 
Current 
stability 
Fair Fair Excellent Acceptable current 
stability 
Current 
density  
0.1-100k 
A/cm2 
0.01-10k 
A/cm2 
1m-0.1 A/cm2 Very high current 
density applications
Operating 
power 
Subwatts to 
tens of watt 
range 
Fews to 
hundreds of 
watt range 
Milliwatts to 
subwatts range 
High power 
applications 
Power 
consumption 
Subwatts to  
tens of watt 
range 
Tens to 
thousands of 
watt range 
Milliwatts to 
subwatts range 
More efficient than 
standard vacuum 
tubes 
Speed Very fast Medium Fast Very high speed 
applications 
High 
temperature 
and 
radiation 
tolerant 
Excellent Excellent Poor High temperature 
and radiation 
hardened 
applications 
Reliability  Good Excellent Fair Better reliability 
than solid state 
devices 
Life time Long Very Long Medium Longer life time 
than solid state 
devices 
Technology 
development 
Recent 
developing 
technology 
Well 
established 
technology 
Very Well 
established 
technology 
Technology 
improvement need 
to be done 
 
The development of electron field emitters would eliminate the need of the thermionic 
vacuum tube devices in some potential applications such as cathode ray tube (CRT) for display 
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devices and electron guns. The replacement of the thermionic vacuum tubes with miniature 
electron field emitters will substantially improve performance and reduce size and weight of 
these systems. However, there are several problems challenging the development of VMDs. 
Generally, electron field emission requires strong electric field to extract electrons into vacuum. 
The resulted high operating voltage requirement is the main barrier for practical applications. 
Furthermore, field emission has high current density. Thus, emission current stability and 
reliability are also potential problems of the field emission devices. If the operating voltage of 
field emission devices can be made comparable to that of solid-state devices and stability 
problem can be solved, VMDs will be a potential replacement for semiconductor devices in 
many applications. Table 1.1 summarizes device properties of micro field emitter devices, 
standard thermionic vacuum tubes, and solid-state devices for potential applications and 
comments on the efficacy of field emission devices. 
The core research of vacuum microelectronics is the search for electron field emission 
devices with low operating voltage, high and stable emission current for potential applications. 
Recent works on field emission have been focused on new cathode structure for vacuum 
microelectronic applications. These include the use of electric field enhancement on sharp 
microtips and low work function emitter materials. 
Metal field emission diode and triode are the first developed field emission devices [1-
12]. However, metal field emission diode and triode have limited potential applications because 
of their high work functions and high turn-on electric fields. In addition, the problem of impurity 
adsorption on metal surfaces leads to current instability and thereby very high vacuum condition 
is required for stable operation. Furthermore, current technology for making sharp metal emitter 
with low turn-on voltage is limited. Therefore, several approaches such as field forming process 
[6,8] and co-adsorption of silicon (Si) and titanium (Ti) on tungsten (W) emitter [13] have been 
proposed to improve the emission characteristics and stability of the metal emitter. However, 
these approaches complicate the fabrication process and do not yield significant improvement.  
Silicon field emission diode and triode are the next well-developed electron field 
emission devices and have been widely studied because of the well-established silicon 
microprocessing technology [14-31]. The field emission of these devices is relatively poor due to 
its high work function, poor thermal, mechanical, and chemical properties. For example, silicon 
field emitter is very sensitive to impurity adsorption, which could cause significant performance 
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deterioration and device failure. To obtain a stable operation, they require extremely high 
vacuum condition.  In addition, low thermal conductivity and low breakdown electric field 
prohibit the use of silicon tips for high power or high emission current applications. Poor thermal 
conductivity of silicon results in thermal instability of silicon emitters operated at high emission 
current. Emission current was found to degrade with time and eventually silicon tips were 
destroyed due to heat accumulation and atomic migration [33-34]. Therefore, a number of 
techniques have been proposed to improve the emission characteristics and stability of the 
silicon emitters. These include silicidation by metal adsorption [35-36], surface coating with 
different materials such as TiN [37], and advanced emitter structures such as p+-n++ junction 
[38], MOSFET [39], MIS cathode [40-41], MOS cathode [42-43], and porous silicon diodes 
[44]. These techniques result in complicated fabrication processes with little improvement in 
device performances. 
Electron emission from several other materials such as GaN [45-47], BN [48], ZrN [49], 
GaAs [50], and resist polymers [51] have been reported. These are wide band gap materials with 
small electron affinity or work function and thus should be suitable for electron field emission 
devices. However, electron field emitters made of these materials have not shown promising 
performance for potential applications. 
Recently, electron field emission from diamond or diamond-coated surfaces have been 
shown experimentally to yield large currents at low electric fields relative to that of metals or 
narrow band-gap semiconductors. Many believe the observed low field emission from diamond 
arises from its low or negative electron affinity (NEA) property [52-62]. The NEA property of 
diamond, unlike other materials, is stable in gas ambient. Additionally, diamond has excellent 
mechanical and chemical properties suitable for vacuum microelectronic applications. Diamond 
is relatively inert to chemical adsorption because it is a stable and chemically inert material. 
Thus, diamond field emission devices would not require high vacuum condition for operation. In 
addition, diamond has strong crystal structure, and hence field emission devices made of 
diamond should be able to operate with long life. Furthermore, diamond can operate at high 
temperature or at high power because of its high electrical breakdown field and high thermal 
conductivity. Thus, diamond emitters possess promising performance for potential applications 
such as flat panel displays, intense electron sources for microwave generation, high power 
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devices, and vacuum microelectronic devices. Table 1.2 summarizes material properties of 
diamond, silicon and metal for field emission application [63]. 
 
Table 1.2. Summary of material properties of diamond, silicon and metal for field emission 
applications 
 
Property Diamond Silicon Metal Advantages of 
diamond 
Electron 
affinity (eV) 
Low EA and 
NEA on some 
facets 
4.05 4-6 Low operating 
voltage 
Electrical 
breakdown 
field (V/cm) 
1x107 2.5x105 N/A High power 
application 
Thermal 
conductivity 
(W/cm⋅°C) 
20 1.5 5-0.5 High emission 
current 
Electrical 
mobility 
(cm2/V⋅s) 
1.5x103 2.0x103 102-103 High carrier 
saturation 
velocity 
Surface 
chemical 
stability 
Relatively 
inert to 
adsorption 
Very 
sensitive to 
adsorption 
Quite sensitive to 
adsorption 
High stability, 
larger emitting 
area 
Vacuum 
requirement 
(Torr.) 
Relatively low 
vacuum 
(10-5-10-6) 
Very high 
vacuum 
(10-10-10-11) 
Very high vacuum 
(10-9-10-11) 
Practical 
vacuum 
environment 
Technology 
development 
Recent 
developing 
technology 
Well 
established 
technology 
Well established 
technology but with 
slow advancement 
Technology 
improvement 
need to be done 
 
However, there are several problems associated with present diamond or other forms of 
carbon emitters. First, many reports to date involve nonuniformly diamond or diamond-like 
carbon (DLC) or other forms of carbon coated silicon and metal tips [63-83], planar diamond or 
DLC or other forms of carbon films [84-125], or irregular ion etched conical structures [126-
127]. These fabrication methods, while seemingly relatively simple, produce non-uniform 
emitter microstructures, which result in inconsistent emission behavior and no long-term 
stability. Control of the uniformity and microstructure of diamond film for field emission device 
applications is needed. Second, since diamond-processing technology has been recently 
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developed, there is no reported development of complete diamond emitter structures for device 
applications, such as diodes with built-in anode and triodes with built-in gate and anode. Third, 
enhancement of the diamond field emission characteristics is required for lower operating 
voltage for IC-compatible applications. Last, the stability of diamond field emission should be 
improved. 
A useful and practical technique for fabrication of diamond field emitters is the molding 
process, which is a practical technique to produce well-controlled and uniform micro-emitter 
structures suitable for a number of applications. We have designed and developed precisely 
micro-patterned pyramidal polycrystalline diamond microtips on diamond film by molding 
technique [128-129] and demonstrated high emission current at low electric field. 
 
Objective of the research 
The purpose of this research is to develop, for the first time, the micro-patterned 
polycrystalline diamond field emitters, which can operate at low voltage for IC-compatible 
applications in vacuum microelectronics. This study focuses on: 
- Diamond microtip structural design that includes the design of ultra sharpened 
pyramidal diamond microtip. 
- Develop practical techniques for optimizing field emission performances of diamond 
tips that includes incorporation of sp2 content in diamond film, utilizing vacuum-
thermal-electric (VTE) treatment, and boron doping. 
- Characterization of diamond field emission parameters that includes geometrical 
factor of diamond tips, the field emission enhancement factors contributed by sp2 
content, VTE treatment, and boron doping. 
- Fabrication and characterization of monolithic micro-patterned diamond field emitter 
diodes and triodes. 
- Analysis and modeling of diamond based field emission vacuum diodes and triodes. 
 
Organization of the dissertation 
There are eight chapters in this dissertation and they are organized in the following 
topics: 
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− Chapter I provides an overview of vacuum microelectronics and electron field 
emission devices. Motivation for the development of electron field emission devices 
and the advantages and suitability of diamond to be used as field emission vacuum 
diodes and triodes are described. Finally, the goal of the research is mentioned. 
− Chapter II contains a theoretical background of basic electron emission in vacuum, 
electron field emission from metal, silicon, and diamond. This chapter also provides 
an extensive survey of recent theoretical and experimental work on diamond field 
emission.  
− Chapter III provides a theoretical background for field emission vacuum diodes and 
triodes, which includes basic principle of operations, device characteristics and 
modeling. 
− Chapter IV explains the proposed research and the methodological approaches to be 
used to achieve the objectives. 
− Chapter V describes the details of experimental, consisting of device fabrication and 
characterization techniques. 
− Chapter VI presents experimental results, discussion, analysis, and modeling of the 
experimental results. 
− Chapter VII concludes the results of proposed research. 
− Chapter VIII suggests the research topics related to this research that should be 
further explored in the future. 
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CHAPTER II 
 
A LITERATURE REVIEW ON ELECTRON EMISSION 
 
Basic of electron emission in vacuum 
Electron emission is the process of emitting electrons from a solid surface into vacuum. 
Electrons in solid are bounded to the core atoms via electrostatic force. The potential barrier as a 
result of the electrostatic force is called work function (Φ). In order to remove electrons from a 
solid surface, energy via various means must be applied to the solid so that electrons can 
overcome the potential barrier and emit into vacuum. The most common processes of electron 
emission are thermionic emission, thermionic-field emission, and field emission. In these 
processes, energies in form of heat or electric field are exerted to induce electron emission.  The 
mechanisms for these processes can be explained by considering the energy band diagram of a 
metal-vacuum system as shown in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Mechanisms for thermionic, thermionic-field, and field emission. 
 
For thermionic emission, electrons emit into vacuum mainly due to heat application. At 
temperature of 0 K, all electrons in metal have energy below the Fermi level (EF). As 
temperature increases, some electrons gain kinetic energy and have total energy above Fermi 
level. If temperature is sufficiently high, some electrons can have total energy higher than 
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vacuum level (Evac). These electrons [(1) e- in Figure 2.1] are readily to emit into vacuum with 
no applied potential. Thermionic emission from metal is normally obtained at very high 
temperature of 1500-2500 °C depending on the metal work function. 
At moderate temperature, some electrons have total energy above Fermi level but below 
vacuum level. These electrons [(2) e- in Figure 2.1] are not readily to emit into vacuum. In order 
for these electrons to emit into vacuum, a moderate electric field must be applied to thin down 
the potential barrier as illustrated in Figure 2.1. This thermal-field activated emission process, 
via quantum-mechanical tunneling, is called thermionic-field emission. Depending on the metal 
work function, thermionic-field emission from metal can be observed at moderate temperature of 
700-1500 °C. 
At low temperature, most of electrons have total energy below Fermi level. A strong 
electric field must be applied to thin down the potential barrier thereby allowing electrons [(3) e- 
in Figure 2.1] quantum-mechanically tunnel into vacuum. This is called field emission because 
electric field is the main energy source that induces electron emission.  
Electron emission can also occurs by other methods such as light exciation (photoelectric 
electron emission), external electron energy (secondary electron emission), and internal 
polarization switching (ferroelectric electron emission). These interesting electron emission 
phenomena are beyond the scope of this research. Electron field emission as the main topic of 
this research is further described in following sections. 
 
Electron field emission from metal and silicon 
A complete electron field emission mechanism from a metal cathode can be illustrated 
using energy band diagrams of the emitting systems with a planar cathode and a sharp cone 
cathode as shown in Figure 2.2 and Figure 2.3, respectively. 
First, let’s consider the planar metal cathode (Figure 2.2 (a)). Applying a voltage (V) 
between anode and cathode creates a uniform electric field E=V/d across the vacuum gap (d) as 
shown in Figure 2.2 (c). If the applied electric field is sufficiently strong, electrons (mostly with 
energy below the Fermi level) can quantum-mechanically tunnel through the triangle barrier into 
the vacuum and are accelerated by electric field until they reach the anode. At the vacuum-metal 
(anode) interface, electrons collide with the metal and lose their energy as heat. 
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Figure 2.2. Metal cathode structure and energy band diagrams. (a) Planar metal cathode 
structure. (b) Energy band diagram at thermal equilibrium. (c) Energy band diagram under 
forward bias. 
 
The electron field emission from metal has been verified theoretically and experimentally 
to follow the Fowler-Nordheim equation [134]: 
J= K1(E2/Φ)exp(-K 2 Φ3/2/E) (2.1) 
where K1 and K2 are constants: K1 =1.54x10-6 A⋅eV/V2, K2 = 6.83x107 V/(cm⋅(eV)3/2), J is 
the emission current density (A/cm2), Φ is the work function of the emitting surface (eV) and E 
(V/cm) is the electric field across the parallel plates, which is given by 
E=V/d (2.2) 
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where V is the anode-cathode voltage and d is the anode-cathode spacing. In this 
equation, the image effect has been ignored, since it was considered to have minor effects on 
emission current at low electric field. 
From the equation, the emission characteristic strongly depends on the work function of 
the cathode. Material with lower work function gives a higher emission current at a given 
applied electric field. Considering the absolute value in the exponent of the equation, Φ is 
usually around 4-6 eV for metals, thus Φ3/2 and the exponential factor are approximately 10 and 
E/103 810 ×− respectively. Therefore, an applied field greater than 3×106 V/cm is needed to make 
any sensible emission measurement from a planar metal cathode [135]. 
The dash curve shown in Figure 2.2 (c) represents the image effect due to the interaction 
of electron in vacuum and the metal cathode. The interaction modifies the triangle potential 
barrier to be 
{ 0
0
 x x                                         0
 x x                     
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2
<
>−−Φ
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 The Fowler-Nordhiem equation that accounts for the image effect is given by [136]: 
J= K1 E2/(Φt2(y))exp(-K 2 v(y)Φ3/2/E) (2.3)   
where y, v(y), and t(y) are non-dimensional functions of E and Φ which are defined as 
y = K3E1/2/Φ (2.4) 
v(y) = {[1+(1-y2)1/2]/2}1/2{E(k2)-y2K(k2)/[1+(1-y2)1/2]} (2.5) 
dy
ydvyyvyt )(
3
2)()( −=  (2.6) 
K(k2) and E(k2) are the complete elliptic integrals of the first and second kind, which are 
given by 
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k2 is defined by 
k2 = 2(1-y2)1/2/[1+(1-y2)1/2] (2.8) 
K3 =3.62x10-4 eV.(cm/V)1/2 and all other variables were defined previously. The value of 
v(y) is typically 0.7-0.9 in normal operating field and it goes to zero as y goes to one (E goes to 
(yΦ/K3)2). It was found empirically that v(y) can be approximated with good accuracy by the 
simple function: 
v(y) = cos (πy/2) (2.9) 
According to the image-corrected F-N equation, the F-N plot of Ln(I/E2) vs. 1/E will not 
give exactly a straight line. It can be shown that the F-N slope in this case is modified to be [137-
138]: 
d [Ln(I/E2)]/d(1/E) = -K 2s(y)Φ3/2 (2.10) 
where s(y) is defined as: 
s(y) = v(y)-(1/2)y(dv/dy) (2.11) 
The values of s(y) are typically 1-0.83, thus the deviation of F-N slope is quite small over 
a wide range of applied electric field and usually can not be observed in most of the 
experimental results. 
Next, let’s consider the sharp cone structure as illustrated in Figure 2.3. The sharp cone 
structure is generally referred as the “Spindt cathode”, which has been developed by using 
various types of metal materials. The sharp cone structure results in non-uniform electric field as 
illustrated in Figure 2.3 (c). The electric field is highest at the tip apex and rapidly decreases 
outward to the anode. Thus, the F-N equation, Eq. (2.1), which is derived for planar cathode with 
an assumption that there is uniform electric field in the vacuum gap, cannot be precisely applied. 
The precise calculation of potential distribution, electric field, and emission current for a sharp 
microstructure involves numerical calculation of 3-dimensional Poisson equation and 
Schrodinger equation for electron emission [139-141]. However, the emission current for a sharp 
microstructure can be obtained with a simple modification of Fowler-Nordheim equation for a 
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planar metal cathode by replacing the parallel electric field in Eq. (2.2) with electric field at the 
apex of the sharp microstructure that is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Metal cathode structure and energy band diagrams. (a) Sharp cone metal cathode 
structure. (b) Energy band diagram at thermal equilibrium. (c) Energy band diagram under 
forward bias. 
 
E=βV/d (2.12) 
where β is defined as the geometrical field enhancement factor, which is the factor of 
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the field at the apex of the tip is inversely proportional to the tip radius. This simple 
approximation implies that the emission current for a sharp microstructure is equivalent to the 
emission current of a planar cathode of the same vacuum gap but the effective electric field is 
increased by the factor of β. This approximation agrees very well with experimental results 
because the electric field of a sharp tip is strongest at the apex and reduced rapidly for the region 
away from the apex and thus it can be assumed that most of emission current arises from electron 
tunneling within the vicinity of this highest electric field region.  Even with the sharp cone 
structure, the operating voltage of the cathode is still high, since the field enhancement factor is 
limited to 100-500 by the technology of making the sharp metal tips. 
The sharp cone concept was later extended to silicon cathode structure. Figure 2.4 
illustrates the electron emission mechanism of a silicon field emitter. The silicon cathode is 
usually heavily doped (n+) to achieve low work function for silicon (Φ ≈ χ = 4.12 eV) and good 
ohmic contact with metal. The potential drop across the depletion region in the n+ silicon (V’) is 
generally very small compare to the potential drop across the vacuum gap because only small 
voltage is required for electrons to quantum-mechanically tunnel through the thin depletion 
potential barrier into the conduction band of n+ silicon. Thus, it is practical to assume that most 
of the potential drop across the vacuum gap and the enhanced electric field E=βV/d is 
established at the apex of the tip. The enhanced electric field at the apex allows electrons in 
conduction band of silicon to quantum-mechanically tunnel through the silicon-vacuum potential 
barrier into the vacuum. Finally, electrons are accelerated by the electric field and collected at 
the anode.  
Silicon emitters have shown some improvements over the metal cathodes. Since the work 
function of silicon is in the same order of magnitude as metal work function, the improvement 
obtained from silicon emitter is the increasing in the geometrical field enhancement factor due to 
the availability of advanced silicon technology for making sharper tips. In addition, the well-
established IC technology allows the fabrication of more complex triode device structures and 
makes mass production of the emitters possible. However, silicon emitters have limited 
applications, because the operating voltage of silicon cathode is still high compared to that of 
solid-state device. In addition, silicon emitter has a serious surface adsorption problem, which 
leads to instability and reproducibility problem. The life of the emitter is short because of tip 
destruction under high electric field. 
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Figure 2.4. Silicon cathode structure and energy band diagrams. (a) Sharp cone silicon cathode 
structure. (b) Energy band diagram at thermal equilibrium. (c) Energy band diagram under 
forward bias. 
 
Electron field emission from diamond 
 
Structural types and fabrication techniques of diamond field emitters 
Diamond field emitters can be classified into three main groups. The first is the planar 
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diamond deposition on a planar metal or silicon substrate. The second is the diamond coated 
silicon or metal field emitter. The last is the monolithic diamond emitter with well-patterned 
diamond microtip structure on diamond film.  
Diamond coated field emitter can be divided into two types based on morphology of the 
diamond coatings. The first type is the isolated-single-particle coating. For this type, a nearly 
spherical single diamond particle with size ranging from 0.1 to 1 µm is grown on the silicon tip. 
The second type is the continuous thin film coating. For this type, a continuous film is grown 
over the silicon or metal tip. Several fabrication techniques have been developed for diamond, 
DLC or other form of carbon coating on metal or silicon tips and other planar substrates. 
The common process for diamond coating on metal or silicon tips and planar substrates is 
via chemical vapor deposition (CVD) [64-73,84-108]. CVD diamond growth involves chemical 
reaction of hydrogen (H2) and methane (CH4) gases to form solid diamond and carbon phases. 
Hot filament CVD (HFCVD) or plasma enhance CVD (PECVD) technique utilizes heat or 
plasma energy to induce methane decomposition and enhance the growth process. The 
mechanism for CVD diamond growth onto the sharp silicon tip structure is different from that on 
planar substrate [67]. There are two possible mechanisms giving rise to preferential formation of 
diamond particles on the tips. The first one is the stereometric effect at the top of the tip due to 
enhanced feeding. The second one is the effect of hydrogen atmosphere. When hydrogen atoms 
reach the tip, they undergo recombination and form molecular hydrogen, which results in a large 
energy release. Thus, the top of the tip appears to be heated to a much higher temperature than 
the main part of the tip. As a result, the tip serves as the area of preferential deposition of the 
diamond for the endothermic reaction of methane decomposition [67].  
Conventional PECVD technique can be modified for diamond or carbon deposition. 
Diamond-like carbon deposition has been developed by modified PECVD process using the 
mixture of H2/He/CH4 or H2/C6H6 or CH4/N2 gases [80-82,115 -118]. Disordered tetrahedral 
carbon can be formed by the mixture of N2/O2/CH4 in PECVD process [119-120].  
Ion beam sputtering [121], filtered vacuum arc, and pulsed laser ablation [83,122-124] 
techniques are also used for diamond-like carbon deposition. In these techniques, carbon ions 
were evaporated from a solid graphite target and directed onto the substrate via magnetic or 
electric field. Amorphous diamond can also be formed by these techniques but higher energy is 
required for amorphous carbon deposition [79,110-114]. 
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A dielectrophoresis coating method has recently been developed for coating of single-
crystal diamond and graphite on silicon or metal tips [74-78]. This technique utilized diamond or 
graphite powder mixing in a non-conducting solution and an applied electric field. Metal or 
silicon emitters were dipped into the solution and bias positively with respect to an external 
electrode. The neutral particles were attracted to and deposited on metal or silicon tips due to 
polarization effects in non-uniform electric field of the tip surface. Another technique using 
squeegee and diamond paste with filler to deposit diamond onto circular planar silicon grit is an 
alternative fabrication method for planar diamond structure [109]. 
It was claimed that successful development of diamond coatings on silicon or metal field 
emitter would result in economic viability of device production compared with the direct use of 
natural diamond material. However, electron field emission enhancement obtained by this 
technique is not optimal because the coated tips do not remain as sharp as the uncoated tips. A 
tip sharpening process such as ion beam etching is required to obtain the optimum field emission 
enhancement [125]. In addition, it is difficult to obtain uniform coating of diamond or DLC on 
metal or silicon tip. The non-uniform coating could result in poor emission stability and 
reliability.  
Diamond microtips on diamond substrate is a preferred diamond field emitter structure. 
Several fabrication techniques have been proposed. A crude technique is to perform ion milling 
on a diamond surface [126-127]. Diamond tips with cone structure were formed by this 
technique. The sharpness of diamond cone depends on the milling incident angle. As the incident 
angle increases, the sidewalls of the diamond grains are etched more rapidly than the top surface 
of the diamond grains, which results in sharp cone formation. Significant field emission 
enhancement has been observed after ion milling process.  In addition to the increasing in field 
enhancement factor, ion milling also results in the change in diamond surface chemistry that may 
reduce the work function of the emitting surface. Since ion milling results in revealing various 
crystallographic planes of diamonds, particular sites that have low work function appear at the 
diamond/vacuum interface. However, this technique is not suitable for many practical purposes 
because the shape, size and sharpness of cones formed by this method cannot be precisely 
controlled.  
Recently, techniques using mold transfer for the fabrication of monolithic diamond tips 
have been reported [128-129, 142-146]. Okano [142-145] reported diamond tips fabricated on 
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silicon mold utilizing HFCVD having large size (100 µm x 100 µm) and blunt tip apex with poor 
field emission performances. Concurrently, Vanderbilt researchers [128-129] reported diamond 
pyramidal microtips by mold transfer and MPECVD process, having small size (3 µm x 3 µm) 
and tip radius curvature of 200 Å with high emission performances. Lately, another group [146] 
reported uniform wedge-shape diamond emitters by a similar mold transfer technique having 
small size of 5 µm x 5 mm and comparable tip radius curvature of 300 Å with good emission 
performances. 
 
Energy band diagram of diamond 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Energy band diagrams of diamond. (a) Positive electron affinity. (b) Effective 
negative electron affinity. (c) True negative electron affinity. 
 
Electron field emission from diamond has been experimentally observed to yield high 
emission current at low applied electric field. However, the mechanisms responsible for low field 
emission from diamond are not clearly understood. Diamond surfaces have remarkable energy 
band diagrams, which are different from most of other semiconductors. A complete knowledge 
on energy band diagram of diamond surfaces is a key information to understand electron field 
emission from diamond.  
Diamond is an indirect wide band-gap material with Eg =5.45 eV. Three distinct types of 
diamond surfaces have been widely studied [52-63]. For hydrogen-free diamond surfaces, the 
electron affinity is small and positive as illustrated in Figure 2.5(a). Partially hydrogenated 
(111) and (100) diamond surfaces have effective negative electron affinity (NEA), as illustrated 
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in Figure 2.5(b).  The hydrogen is deposited as ionic species to form an affinity lowering surface 
dipole. This reduction in electron affinity, together with a short characteristic band bending at 
the surface results in the effective negative electron affinity surface. Furthermore, diamond 
surface coated with a thin layer of metal such as Zirconium (Zr) [147], Cobalt (Co) [147-148], 
Ni [149], and (111)-(2x1) diamond-TiO surface [150] also exhibit effective negative electron 
affinity property. Last, the diamond (100)-(2x1):H and completely hydrogenated surface is 
believed to be a true NEA surface as illustrated in Figure 2.5(c).  In addition, it is believed that a 
true NEA surface also exists on the Cesium or Cesium oxide coated diamond (100) surface 
[151]. The occurrence of the true NEA has not been found for conventional semiconductor 
materials and is thought by many to never occur. 
Assuming a small positive electron affinity for diamond surface, a complete energy band 
diagram for electron emission from the surface may be drawn analogous to those for silicon as 
shown in Figure 2.6. For electron emission to occur, electrons must quantum-mechanically 
tunnel through the potential barrier at metal-diamond interface into diamond. Electrons will then 
drift through diamond bulk and go over a small potential barrier at diamond-vacuum interface 
into vacuum. 
Small or even negative electron affinity of diamond is believed by many to be 
responsible for observed low field emission from diamond because small electron affinity would 
allow electrons from the conduction band to emit into vacuum easily with low applied electric 
field. However, electron in conduction band of diamond is limited because diamond is a wide 
band gap material and n-type diamond is still not available. Thus, electron must be injected from 
metal into conduction band of diamond in order for emission to occur. High electric field should 
be required for electrons to tunnel through metal-diamond interface because the potential barrier 
at metal-diamond interface would be as high as work function of silicon or metals. Thus, the 
basic energy band diagram as described is inadequate for the explanation of the observed low 
field emission from diamond.  
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Figure 2.6. Diamond cathode structure and energy band diagrams. (a) Diamond cathode 
structure. (b) Energy band diagram at thermal equilibrium. (c) Energy band diagram under 
forward bias. 
 
In order to understand the field emission mechanism from diamond, a better knowledge 
of carrier transport through diamond-metal interface and the diamond film is needed. In addition, 
a more complete energy band structure, which includes the effect of grain boundary and defects 
of polycrystalline diamond, also need to be studied. Furthermore, unknown characteristics of 
diamond surfaces such as sharp facets of as-grown diamond with unknown field enhancement 
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factor further complicated the emission mechanisms from diamond surfaces. Several field 
emission mechanisms and field emission enhancement models for various types of diamond 
emitters have been proposed. The following section summarized some of the proposed theories 
and models. 
 
Field emission enhancement model 
 
Simple field enhancement model 
Sharp microstructures have been used to effectively enhance electron field emission from 
diamond [128]. The electric field at a given applied potential is enhanced by sharp 
microstructures and thereby electron tunneling is enhanced. Field emission from the diamond 
sharp microtips exhibits significant enhancement both in total emission current and stability 
compared to planar diamond emitter. To apply the simple field enhancement model, the 
microstructure must have certain geometry with a smooth surface. The geometrical field 
enhancement factor β depends only on the geometry of the microstructure. The field 
enhancement factor β for various shapes of microstructure [16] has been estimated based on 
electrostatic theory and shown in Figure 2.7.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Various shapes of field emitters. (a) Rounded whisker. (b) Sharpened pyramid. (c) 
Hemi-spheroidal. (d) Pyramid. 
 
The electric field at the surface of a sphere, Figure 2.7(a), of a rounded whisker can be 
evaluated using elementary electrostatic theory and expressed in closed form as a function of 
polar angle θ as [16] 
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E=(V/d)(h/r+3cosθ) (2.13) 
β= h/r+3cosθ (2.14) 
where h is the height of the sphere from the base, r is the radius of the tip, V and d are 
defined previously. For h>>r, E ≅ (h/r)(V/d) and β≅ h/r. It has been shown that the field at the 
apex of a rounded whisker shape is approximately equal to that of a floating sphere and is given 
by E = (h/r)(V/d). Thus, it has primarily concluded that the round whisker shape is the closest to 
the “ideal” field emitter. On the contrary, a wide-angle pyramidal shape is not an optimum field 
emitter even though its thermal and mechanical stability is excellent. In addition, it was primarily 
found that a wedge molybdenum shape emitter [2] has an effective emitting area about 100 times 
greater than a conical shape emitter and a correspondingly larger current density. This geometric 
effect should be applied to diamond emitter. However, recently reported wedge-shape diamond 
tip arrays fabricated by mold transfer technique did not exhibit significant field emission 
enhancement compared to the pyramidal shape one [146].  
 
Two step field enhancement (TSFE) model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Geometry of emitters. (a) The simple field enhancement approach. (b) The TSFE 
approach. 
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This model is a modified version of the simple field enhancement model developed to 
account for the complicated morphology of diamond surface. The emitting surface may be 
thought of as a number of small protrusions act as tiny tips. The emitting tip with height h1 and 
sharpness of radius r1 is assumed to consist of a number of tiny tips with height h2 and sharpness 
of radius r2 as shown in Figure 2.8. The electric field on the blunt tip is equal to 
E1  = (h1 /r1)(V/d) (2.15) 
and the field enhancement at the end of protrusions is equal to 
E2  = (h2 /r2) E1  = (h1 h2/r1 r2)(V/d) (2.16) 
where V and d are defined previously.  
The TSFE model was applied to analyze electron emission from diamond coated silicon 
field emitters [68]. The emission current were calculated using the F-N analysis on diamond 
coated silicon field emitters based on the TSFE model and found to be in good agreement with 
experimental data. The calculations of the emission current using this model were made on the 
assumption that electrons that tunnel from the valence band mainly contribute to the emission 
current. Therefore, the work function used in FN analysis was the energy gap of diamond (5.45 
eV). High field enhancement factor from the structure was assumed in the calculation. However, 
ultra sharp protrusions have not been physically observed and a clearer explanation for the 
formation of stable ultra sharp protrusions on diamond coated silicon field emitter is needed. 
Thus, the results from this model still cannot be justified. Nevertheless, it has been proposed that 
the ultrasharp protrusions may be formed under the assumption that the diamond particles are 
relatively large (of micrometer range) and thus they are not truly smooth or spherical but have 
microstructures with some spikes of deep-submicrometer sizes. The (111) surface on the spike 
microstructure may be thought of as spikes of deep-submicrometer sizes or ultra sharp 
protrusions because (111) part of the surface with NEA could be the only actively emitting spot.  
 
Lowering of the surface work function model 
In the lowering of the surface work function model, it is assumed that the sharp microtip 
and the complicated morphology surface result in significant reduction of the surface work 
function. A significant enhancement in field emission after diamond coating on silicon tip was 
observed which could also be attributed to the lowering of the surface work function by 
diamond. The field emission current in µA range was claimed to obtain from diamond coated 
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silicon field emitters with excellent long-term of current stability. The calculated results from 
this model agreed well with experimental data [68] but it is unclear how diamond could have 
sufficient amount of electrons in the conduction band or near the conduction band to produce 
large emission currents.  
In addition, it has been found that the diamond surface work function can be lower by 
coating with a low work function material such as Cs [152].   It has been found that the diamond 
surface treated with O2 plasma and Cs deposition substantially enhances the electron emission 
for Li-doped and N-doped diamond [92]. It has been suggested that oxygen-terminated diamond 
surface reacts with Cs to form an oxygen-stable diamond-O-Cs surface that lowers the surface 
work function of diamond. It has been proposed that the lowering of work function on diamond 
surface by Cs be attributed to dipole formation due to electron rearrangement within the surface 
region. The dipole formation at diamond surface is significant because the large Cs ion and the 
small lattice constant of diamond contribute to low electronegativity (encouraging charge 
transfer and dipole formation), which cause the Cs-O separation larger than it would be for small 
alkalis and hence leads to the formation of a large dipole. The addition of one-half monolayer of 
Cs was found by theoretical calculation to produce a shift of the surface dipole by 3.3 eV, 
resulting in an effective NEA of -0.85 eV on this surface [152]. Assuming that the O-Cs bond 
has a dipole moment of ~10D, then only 0.1% of the surface carbon atoms need to be bound to 
an O-Cs group to lower the work function by ~1 eV.  Therefore, it was primarily concluded that 
the reduction of work function by this treatment is responsible for the field emission 
enhancement. Recently, another Cs treatment experiment by co-deposition of Cs and carbon 
independently confirmed that the Cs-treated carbon film has a low work function of 1.1-1.6 eV 
[111]. However, the lowering of work function by Cs treatment for field emission enhancement 
is not a practical technique because Cs is an expensive and reactive element.  
Recently, hydrogen treatment on diamond surfaces was found to improve field emission 
characteristic significantly [59-60,145,149]. The lowering of work function of diamond surfaces 
by hydrogen termination was believed to be the most probable explanation for the observed field 
emission enhancement. The termination of hydrogen on diamond surface is known to form a 
positive surface dipole that could produce band bending and result in lowering of electron 
affinity and work function of diamond surfaces. Similar field enhancement effects have been 
found on diamond coated with Titanium dioxide (TiO2) [151]. On the other hand, oxygen 
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treatment was found to degrade field emission characteristic of diamond surface [145,149]. The 
degraded emission property was believed to cause by the increasing of work function of 
diamond. The termination of oxygen on diamond surface is known to form a negative surface 
dipole to produce band bending which results in increasing of electron affinity and work function 
of diamond surfaces. 
 
Hot electron emission and metal-insulator-metal (MIM) model 
It has been proposed that the emission mechanisms of diamond with graphitic particles 
involve the creation of electroformed conducting channel via hot electron emission process in 
metal-insulator-metal (metal-diamond-graphite) microstructure. This model arises from 
experimental observation on the field emission characteristics of diamond-coated Mo emitters 
[85-87]. The emission characteristic of the diamond-coated Mo emitters has a broad electron 
energy spectral (FWHM~1 eV), which is larger than FWHM of a clean Mo tip of ~0.23 eV with 
a large spectral shift of ~2-3 eV (the different between center of energy spectral and the Fermi 
level of the Mo substrate). These emission characteristics are similar to the emission spectra of 
the metal-insulator-metal (MIM) graphite microstructure, which has been explained by the hot 
electron emission model [153]. 
The hot electron emission model for MIM graphite microstructure is illustrated in Figure 
2.9. In this structure, it is assumed that carbon particles in the form of graphite flakes placed on 
an oxidized electrode surface play the role of an isolated conducting sheet as illustrated in 
Figure 2.9(a). Such a flake could therefore enhance the electric field distribution locally across 
the junction where it forms a contact with the electrode surface. Since the oxide will block the 
transportation of carriers from the substrate metal, this field enhancement will eventually lead to 
a significant voltage drop across the oxide layer sandwiched between the flake and the metal 
substrate. The energy band diagram of the MIM structure is illustrated in Figure 2.9(b). Under 
an applied field condition, electrons will tunnel from the metal substrate into the conduction 
band of the insulator by a tunnel-hopping process and then be accelerated toward the top metallic 
layer. At the top metallic layer, the electrons that are heated internally will undergo a coherent 
scattering process, which has been explained by electron diffraction model     [154-155]. 
 26
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. MIM structure and hot electron emission model. (a) A schematic representation of 
how a graphite flake could give rise to a bunching of the equipotentials and hence a local field 
enhancement sufficient to promote the MIM emission process detailed in the inset. (b) A band 
diagram representation of the emission regime. 
 
The coherent scattering process from a MIM (Al-SiO2-Au) structure based on electron 
diffraction model is illustrated in Figure 2.10. In this model, it is assumed that when a beam of 
monoenergetic electrons of a few electron volts incident normally on the gold (Au) film, they are 
diffracted through the various gold plane (hkl) (with spacing d(hkl) between planes) of the film by 
an amount 2θ where θ is given by the Brag’s relation sinθ=λ/2d(hkl) where λ=12.27/(Vb+η)1/2 is 
the electron wavelength, where Vb is the voltage applied between the electrodes, and η is the 
Fermi energy of Au. For Au, the separation of the (111) plane, which is the most intensely 
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diffracting plane, d(111)  is 2.35 °A. Thus 2θ=81° for Vb =10V, which means that the electrons 
diffracted almost into the plane of electrode, and thus will not normally be able to escape from 
the electrode. However, if the diffraction occurs near the edge of a pinhole of the gold cathode as 
shown in Figure 2.10(b), electrons in the portion of the cone of diffraction close to the edge of 
the pinhole would have sufficient energy to surmount the surface potential (work function) of the 
Au electrode. The condition that electrons arrive at the edge of the pinhole can emerge from the 
surface can be derived from the velocity diagram as shown in Figure 2.11. In the diagram, the 
vectors from O to semicircle represent all possible velocity vectors v of the diffracted electrons, 
arriving at pinhole edges in the plane of the film, can have and the vectors drawn for O’ 
represent all possible velocity vectors normal to the pin hole edges outside the metal. The 
electron kinetic energy (mv⊥2/2) required for tunneling normal through surface barrier is η+Φ, 
where Φ is the surface work function. Thus the electrons that can tunnel through the surface 
barrier must satisfy the condition of their kinetic energy (mv⊥2/2) > the surface barrier (η+Φ) or 
v⊥= v cosβ>[2(η+Φ)/m]1/2, where v⊥= v cosβ is the velocity normal to the plane of the film 
and β is the angle between the vector velocity and the normal vector to the plane of the film.  In 
other word, electrons whose velocity vectors v lie within an angle β0 of the normal to the 
surface can emerge from the surface. Therefore, this implies that the hot electron with the energy 
of few electron volts accelerated from the conduction band of the insulator can tunnel through 
vacuum via a pinhole or an edge of the metal electrode. 
According to the electron diffraction model, the metal-insulator-vacuum triple junction, 
enlarged in the inset of Figure 2.9(a) represents a favorable configuration similar to a pinhole of 
the gold film for allowing electrons to be emitted into the vacuum under relatively low field 
condition. Therefore, it is likely that a conduction channel will be formed preferentially in this 
region via diffraction of hot electrons through insulator-graphite structure when electric field is 
applied to the gap. 
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Figure 2.10. Electron diffraction model. (a) Energy band diagram of the cathode showing the 
electron transport. (b) Physical diagram of part of cathode, in the vicinity of a pinhole with the 
cone of diffraction of the electrons superimposed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. Velocity diagram of v. 
 
According to the hot electron model, the observed electron spectra of a diamond-coated 
Mo cathode (FWHM~1 eV) is larger than FWHM of a clean Mo tip of ~0.23 eV. This suggests 
that the emitted electrons are ‘hot’ which means that they are likely to have been accelerated in 
the conduction band of the diamond film by penetrating field prior to their emission into 
vacuum. This implication can be referred to Figure 2.9(b), where the electron energy spectra 
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N2(E) of the clean Mo tip is smaller compare to the energy spectra of the emitted electron N(E). 
In addition, the large shift in the energy spectra indicates that these electrons have suffered 
significant energy loss as they have been accelerated in the diamond film. This high-energy loss 
implies the existence of strong scattering mechanisms associated with the conduction electrons 
in the diamond film. The latter implication can also be referred to Figure 2.9(b), where the 
electron spectral shift is corresponding to the difference between the center of electron energy 
spectra N2(E) at metal substrate-insulator junction (which is EF of the Mo substrate) and the 
center of emitted electron energy spectra N(E) for emitted electron. This energy difference 
corresponds to the potential energy loss as electrons are accelerated toward the vacuum. Since 
these observations seem to agree with the emission according to hot electron emission model, it 
therefore suggested that the emission mechanism of diamond with graphitic particles involves 
the creation of electroformed conducting channels via hot electron emission process similar to 
that of MIM graphite microstructure.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12. Electric field distribution illustrates how a floating conducting particle embedded 
in a dielectric medium can promote formation of an electron conduction channel. 
 
Consequently, it was primarily concluded that the hot electron emission model of MIM 
graphite structure could be applied to diamond coated Mo cathodes. It is assumed that embedded 
carbon particles or isolated graphite crystallites in the diamond film play the role of an isolated 
conducting particle as illustrated in Figure 2.12. According to elementary electrostatic theory, a 
conducting particle could therefore change the field distribution as illustrated and in particular 
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enhances the field locally across the diamond insulator of the graphite-diamond-metal MIM 
microstructure. This effect increases the field enhancement factor βe across the diamond 
crystallite sitting between the graphite particle and the substrate where βe = h/d, h is the 
maximum height of the graphite particle above the substrate, and d is the thickness of a single 
diamond crystallite. Since the insulating diamond will block the transportation of carriers from 
the substrate metal, this field enhancement will eventually lead to a significant voltage drop 
across the insulating layer sandwiched between the graphite particle and the metal substrate. 
According to the hot electron model, this suggests that the conduction channel will be formed 
preferentially in this region when electric field is applied to the gap. Therefore, electrons can get 
into the conduction band. The conduction electrons will be accelerated toward the interface, and 
subsequently escape into vacuum by going over the potential barrier. Because of the negative 
electron affinity property of diamond, which provides a low potential barrier, only low electric 
field is required to induce emission.  
The further quantitative analysis of the hot electron emission model has been reported 
[156]. This analysis provides an alternative physical basis of the Fowler-Nordhiem equation. The 
energy band diagram for this analysis is shown in Figure 2.13. The population of hot electron 
shown in Figure 2.13(c) is assumed to obey Maxwell-Boltzmann statistics. Therefore, it could 
be anticipated that the emission mechanism would be analogous to the thermionic process, hence 
by analogy with the Richardson-Dushman relation, the emission current density would be given 
by 
J = A*Te2exp(-qχ/kTe) (2.17) 
where A* is the Richardson constant, Te is the enhanced electron temperature and χ is the 
height of the potential barrier at the insulator vacuum interface (i.e. the electron affinity). The 
potential drop ∆V across the high field surface region is given by q∆V=(3/2)kTe or 
Te = 2q∆V/(3k) (2.18) 
Under the conditions depicted in Figure 2.13(b), ∆V can be approximated by assuming 
the potential drop across the insulating inclusion: 
∆V≅(1/Ks)(∆d/d)V (2.19) 
where V is the anode-cathode voltage, d is the cathode-anode separation, ∆d is the 
thickness of the micro-inclusion (where ∆d<<d) and Ks is the relative dielectric constant of the 
insulator. Combine Eq. (2.17)-(2.19), gives 
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J = A*(2q∆d/3kd Ks)2V2 exp(-χ/V(2∆d/3d Ks)) (2.20) 
I = JA = A*A(2q∆d/3kd Ks)2V2 exp(-χ/V(2∆d/3d Ks)) (2.21) 
where A is the emitting area and I is the emission current. Eq. (2.21) indicates that a plot 
of log I/V versus 1/V gives a straight line, which is identical to a F-N plot with a slope of 
m = -3d Ksχ/2∆d (2.22) 
Comparing this slope to that of the F-N plot mFN = -K2dΦ3/2/β, gives the field 
enhancement factor  
β = 2 K2 dΦ3/2∆d/ Ksχ (2.23) 
Therefore, the quantitative analysis of the hot electron emission model is similar to the 
analysis of the F-N plot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13. The energy band diagram represents of the emission regime for the hot electron 
emission model. (a) At thermal equilibrium. (b) Under a high applied before emission begin. (c) 
In the electron emission regime. 
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Field emission enhancement via donor and acceptor doping 
In theory, the addition of n-type donor impurities into diamond is the best approach to 
enhance electron emission from diamond. Since diamond has small or negative electron affinity 
surface, if the conduction band can be directly populated with electrons via donors, very small 
electric field will be required to induce electron emission. On the other hand, the addition of p-
type acceptor impurities into diamond should degrade emission from diamond since the addition 
of holes in the valence band would reduce the number of electrons in the conduction band. 
The theoretical calculation of the emission current from n-type and p-type diamond has 
been reported to quantitatively confirm the theory [157-158]. The emission current density j 
calculated from an energy band is given by: 
j= yxz
z
t dpdpdpp
EEEDEf
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 (2.24)  
where P E D E E dk dkt x y( ) ( )= −∫ and q is the electron charge, E is the total energy of 
electron, Et is the transverse energy parallel to the emission surface, F(E) is the Fermi 
distribution function, D(E⊥) is the transmission probability with normal energy E⊥=E-Et and 
p=(px,py,pz) is the momentum. The zero energy is defined at the top of the valence band and at 
the bottom of the conduction band for hole and electron, respectively. For simplicity, the 
dispersion relation is taken as parabolic for both bands with the bottom of the conduction band 
shifted kc=0.7kΓX in the [100] direction because diamond is indirect band gap material: 
E(k) =Ev +h 2k 2t /2mp*                                     in valence band (2.25) 
E(k) =Ec +(h 2/2)(k 2t /mt* + k 2l /ml*)  in conduction band (2.26) 
The transmission probability D(E) is calculated from a known potential by solving the 
Schrodinger wave equation. The potential is obtained by solving the Poisson equation with 
appropriate boundary conditions.  For semiconductor including diamond, it is important to 
consider band bending which in the absence of surface states is due to the applied field. For more 
accurate calculation, the total potential should also include the image interaction.  If the surface 
states exist, it is assumed that the surface density of states is high so that the Fermi level is 
pinned at the highest filled surface states. In this case, the potential distribution is obtained by 
solving the Poisson equation with imposing the Fermi-pinning on the boundary condition. The 
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calculation for D(E) was done by a numerical method. From the calculated D(E) and the 
parabolic band Eqs. (2.25)-(2.26), the emission current density j can be calculated from Eq. 
(2.24).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14. Calculated Fowler-Nordheim plot of emission from the conduction band for an n-
type diamond (100) surface without surface state. Three curves correspond to χ =0.8, 1, and 1.2 
eV, Eg =5.47 eV, T=300K, and doping concentration n=1019 cm-3. 
 
The F-N plot of the emission current from the theoretical calculation for n-type diamond 
(100) with no surface state is shown in Figure 2.14. The calculated results show that high 
emission current density j of 104 A/cm2 was obtained at electric field of 0.1 V/Å for n-type 
diamond even though positive electron affinity on diamond surface was assumed. The 
calculation was made on (100) surface because χ was assumed to be positive. The electron 
emission from (100) surface should be the largest component because the conduction band 
minima is located in [100] directions. On the (110) and (111) surfaces, there is negligible 
emission current because in one dimension tunneling calculations, the tangential component of 
the momentum (kt) needs to be conserved. 
If there are surface states, the band bending is determined by Fermi pinning. The Fermi 
level pinning at the midgap with band bending upward is assumed. Thus, electrons have to 
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tunnel through a barrier inside the bulk to reach the semiconductor-vacuum interface. In this 
case, the calculated results from Eq. (2.24) yields a negligibly small emission current at F=0.1 
V/Å. 
In practice, it is not easy to introduce impurities especially donors into diamond since 
diamond is a wide band gap material with very tight lattice structure. The diamond film doped 
with various n-type dopants such as phosphorous (P) and nitrogen (N) has currently been shown 
to be possible [91-92,100,103,109,144]. Ion implantation is the first successful method to 
introduce n-type dopants into diamond [100]. N and P have been successfully incorporated into 
CVD diamond films by the addition of various dopant gases such as nitrogen (N2), ammonia 
(NH3), urea ((NH3)2CO), and phosphine (P2H5) into H2 plasma [91,144]. Recently, a very high 
concentration of 2×1020 cm-3 N-doped nanocrystalline diamond film has been achieved by a new 
CVD technique using N2/CH4 plasma [103]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15. Energy band of diamond with dopants’ energy levels. 
 
The n-type dopants such as N, Li and P provide donor levels within the energy gap as 
illustrated in Figure 2.15. The energy levels associated with Li and P dopants are still unknown, 
but it has been found that the substitutional nitrogen forms a donor level ~1.7eV below the 
conduction band. Assuming NEA property on diamond surface, the vacuum energy level is ~0.7 
eV below the conduction band. Thus, the nitrogen donor level is 1 eV below the vacuum level, 
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which means that the work function is approximately 1 eV. Therefore, a low electric field is 
required for electron emission. The effect of nitrogen doping for electron emission enhancement 
has been confirmed by experiment with O-Cs treatment to lower electron affinity [92,109]. The 
nitrogen-doped diamond field emitter with Cs treatment exhibits electron emission at the lowest 
reported electric field <0.2 V/µm.  Furthermore, other theoretical calculations for nitrogen-doped 
diamond field emitter have quantitatively verified experimental results [159-160]. Other 
experiments [91,100,103,144] using phosphorous and nitrogen as n-type dopants with no Cs 
treatment have independently confirmed that an diamond emitter with n-type dopants shows a 
better emission characteristic than a p-type (boron-doped) diamond emitter.  
Even though n-type dopants have successfully incorporated into diamond film, these 
donors are not electrically activated because the ionization energies for these dopants are not 
sufficiently small (>0.3 eV). Thus, the incorporation of these donors is not directly beneficial for 
electron field emission because these donors cannot effectively provide electrons for the 
conduction band at room temperature. The electron emission enhancement observed from 
diamond film doped with these n-type dopants may not arise from the intended n-type doping 
effect. Other mechanisms such as defects associated with these dopants to be discussed in a 
subsequent section are speculated to be responsible for the field emission enhancement. Thus, 
techniques to achieve electrically activated n-type diamond film at room temperature remain to 
be developed for diamond field emission enhancement. 
On the other hand, the theoretical calculations show that the emission current for p-type 
diamond is negligible, even though negative electron affinity surface is assumed. The F-N plot of 
the emission current from the theoretical calculation for p-type (111) diamond surface with no 
surface state is shown in Figure 2.16. The calculation yielded maximum current density j of 
approximately 10-30 A/cm2 at a critical electric field Fc=0.16 V/°A. In addition, it was interesting 
to see that j decreased as F increased beyond Fc. The explanation for this unusual behavior was 
that in the low fields region, the electrons in valence band only needed to tunnel through the 
vacuum region. As the electric field increased, the vacuum barrier reduced and thereby electron 
tunneling increased. As the electric field increased, band bending in diamond also increased. If 
the electric field exceeds Fc, the band bending is so large that the holes generated at the 
semiconductor-metal interface have to tunnel through a larger internal barrier due to greater field 
penetration to reach the interior of the metal. Therefore, hole transport through metal-diamond 
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interface that provide electrons for the valence band, reduces. Consequently, electron supply 
diminishes and j decreases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16. Calculated Fowler-Nordheim plot of emission from the valence band for a p-type 
diamond (111) surface. Electron affinity χ is taken to be -1 eV, Eg =5.47 eV, T=300K, and 
doping concentration n=1019 cm-3. 
 
If there are surface states, the conduction band bends down to pin the Fermi level near 
the midgap. Since Eg=5.5 eV, the band bending is significant and essentially blocks the holes 
tunneling into the metal. In this case negligible emission is obtained from bulk states. In 
addition, such a large barrier inside the bulk also eliminates the electron transport to the surface 
states from the bulk valence band. 
On the other hand, experimental data [88,108] showed significant contradiction to the 
theoretical calculation. Boron-doped planar polycrystalline diamond films have lower turn-on 
electric fields than undoped diamond films. 
Furthermore, a similar contradiction was found by using emission barrier height analysis 
for p-type diamond emitter [143] using Mo emitter as the reference. Using the emission barrier 
height of 4.24eV for Mo, the emission barrier height of B-doped diamond was estimated to be 
1.87 eV. Thus, a p-type diamond emitter has low emission barrier height compare to Mo emitter. 
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This is a significant contradiction to the conventional band theory in which the work function is 
expected to be 5 eV.  In addition, a recent experiment confirms that p-type diamond utilizing 
boron ion-implantation improves the field emission characteristic significantly [100]. From the 
theory, it is unlikely that low work function results from the effects of the acceptor doping and 
the contradiction remains to be explained. 
In addition, the effect of boron doping concentration in planar diamond film on field 
emission has been recently studied [101]. The turn-on electric field and F-N slope were found to 
increase as the doping concentration increases. It was proposed that the higher boron doping 
concentration result in the smaller grain-size of diamond crystal. Thus the field enhancement 
factor decreases and field emission is degraded [101]. 
 
Field emission enhancement via surface states  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17. Energy band diagram of diamond with surface states. 
 
Surface states could be a source that provides electrons for field emission enhancement. 
However, electron tunneling from a localized surface state can be different from the electron 
states in bands because the localized surface states do not have continuous supply of electron 
like electron states in bands. If it can be assumed that there is a constant supply of electrons, then 
the emission characteristics from the surface states should not be much different from the bulk 
valence band. 
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If a diamond surface is unreconstructed and hydrogen-passivated, no surface state exists 
on diamond surface. However, it has been found that on the (111) surface with 2x1 
reconstruction there are occupied surface states centered at 1 eV above the valence band 
maximum as shown in Figure 2.17 [157-158]. A possible continuous supply source for this 
surface state is the electrons from valence band. However, since the electron transmission 
probability from these surface states is very small due to the large barrier height for tunneling. 
Therefore, the surface states located at 1 eV above the valence band maximum cannot explain 
the electron emission at low field.  
Surface states have also been found at 1 eV below the bottom of the conduction band but 
these states are unoccupied. If these states are occupied under an applied field under some 
appropriate mechanisms, electrons should be able to tunnel to vacuum easily. The current 
density from a surface state is given by [157-158]: 
j= sesssss
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where Ns=m*/(2πh ) is the density of states, Q is an effective wave vector, 
f(Es)=1/[1+exp((Es-EF)/kT)] the Fermi distribution function, and D(E) is the transmission 
probability. It is assumed that the surface band is parabolic: 
Es =Es0 + h 2k 2t /2m (2.21) 
Assuming EF=ES0=EC-1, m* = me, Q=1, χ=-0.1 to 0.1 eV and electric field of 10-2 V/°A, 
the calculated current density is ~1 to10-3 A/m2, which is comparable to the experimental data 
~10-3 A/m2 at 10-2 V/°A. The calculation is based on the assumption that χ is negative or small 
positive. This assumption is applicable to the unreconstructed (111) surface. However, the 
assumption of small positive or negative electron affinity is not justified for the reconstructed 
diamond (111) surface, since it does not exhibit such a negative electron affinity due to band 
bending effect. Furthermore, the mechanisms how electrons are transported to the surface states 
still remain to be answered. Therefore, this surface states alone is not sufficient for the 
explanation of low field electron emission from diamond. 
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Field emission enhancement via defect states 
Defect states or bands are very probable sources that provide electrons for field emission 
enhancement. It has been speculated that there exist defect states located in the energy gap close 
to the bottom of the conduction band [157-158] as shown in Figure 2.18. Defects in diamond 
such as vacancies and grain boundaries may be generated by chemical vapor deposition (CVD). 
It has been found that vacancy defects in diamond thin films are substantial [161-163]. Dangling 
bonds are expected to exist in the defects. In addition, defects in the form of graphite [164] and 
multiply twinned with quintuplet wedges [98] have also been observed. If defect concentration is 
significant, the electron states in these defects could form energy bands as illustrated in Figure 
2.18. Calculation [157] shows that defect states may exist in the bulk band gap. The calculated 
current densities based on these bands agree with experimental results. However, more 
theoretical study is needed to determine how these defect states couple to each other to form a 
defect-induced conducting band. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18. Energy band diagram for diamond with defect states and defect-induced bands 
under an applied field. 
 
The effect of defects in diamond film generated in CVD process has been studied [93-
94,105,107]. Diamond samples with varying defect densities have been synthesized by PECVD 
and their field emission characteristics have been analyzed. It was found that the turn-on electric 
field of undoped diamond films falls rapidly as the structural defect density increases. Such a 
strong correlation between the field emission and the structural defect density was also observed 
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for p-type (boron) diamond film. This indicates that the samples with higher defect density 
require lower fields for emission. It was also found that the emission of p-type diamond film was 
more stable than undoped diamond film at a lower defect density. From the result, it seems to be 
reasonable to believe that the enhanced field emission originates from the defect-induced energy 
band(s). As illustrated in Figure 2.18, a series of defect-induced energy bands was assumed to 
form throughout the band gap because of the presence of wide varieties of structural defects. If 
these bands are wide enough or closely spaced, electron hoping within the band(s) or excitation 
from the valence band could easily provide a steady follow of electrons to the surface to sustain 
stable emission of electrons into vacuum. Electron can emit directly from these bands or 
transport to the surface states for emission. The formation of these defect bands raises the Fermi 
level toward conduction band and thus reduces the energy barrier that the electrons must tunnel 
through. However the exact position of these defect-induced energy bands can not be determined 
from the field emission measurements because the local field enhancement factor and the 
emission area are not known. 
The effect of defects generated by CVD process on diamond film for field emission has 
also been investigated using secondary electron images [84,95]. The diamond films were grown 
such that the percentage of non-diamond carbon was highest at the edge of the film.  It was 
found by secondary electron images that the majority of the emission sites also occurred at the 
edge of the film. The results support the existing postulate that the field emission results from the 
composite defects of the material. 
Defects may be introduced into diamond film by the incorporation of dopants. A 
significant field emission enhancement was observed from diamond film doped with a high 
nitrogen-doping concentration of 2×1020 cm-3 [103]. Since nitrogen is a deep donor impurity that 
is not ionized at room temperature, field emission enhancement may not arise from the direct 
effect of donor dopant but could arise from the dopant-related defect centers. The nitrogen-
related defects including vacancies trapped at substitutional nitrogen atom (1.94 and 2.15 eV ), at 
A centers (2.3 and 2.46 eV), and at B centers (2.49 eV) were found using photoluminescence 
(PL) and cathodoluminescence (CL) spectroscopy measurements. The number in parenthesis 
denoted the energy level with respect to the valence band maximum. It was speculated that these 
defects might play important role for field emission enhancement. However, electrons in these 
defect states seem to have too low energy to couple to the vacuum or conduction band. 
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 Defects created by ion implantation have also been studied for electron field emission 
[96,104]. The energetic ion implantation is known to cause structural damage and defect 
generation in the surface region of various materials including diamond. It was found that the 
threshold field falls rapidly as the dose of implantation increases. In addition, it was found that 
the implantation of Si+ ion results in more electron emission enhancement than the implantation 
of C+ ion because bigger atomic ions produce more defects and damage. The emission 
characteristics of implanted diamond films were found to be insensitive to atmospheric exposure. 
It is also suggested that the modified surface structure produced by the implantation process is 
very stable and chemically inert. It is also suggested that defects introduced in the surface 
regions by ion implantation increased the conductivity and altered the work function of the 
diamond, thus directly affecting their field emission properties. While the exact nature of the 
defects responsible for field emission has yet to be identified, it was suggested that the types of 
defects formed could include vacancies dislocations, stacking faults and second phases such as 
graphite and amorphous carbon components. The effect of carbon, hydrogen, argon, and xenon 
ion irradiation on a pure graphite carbon fiber has also been studied [112]. It was found that the 
turn-on electric field decreases to minimum as dose rate increase to a critical value and then 
increases as the dose rate increase further. It was proposed that carbon atomic displacement due 
to irradiation, which could result in an increase of sp3/sp2, is responsible for the improved field 
emission. 
On the other hand, a critical theoretical examination of electron transport mechanisms in 
diamond did not reveal any viable process to populate these tunneling states. For example [165], 
the density of states for a lattice with a single vacancy has been calculated and found that there 
exists only defect states lie within a narrow energy range (~1-2 eV) above the top of valence 
band. Therefore, these defect states have too low energy to couple to the vacuum or conduction 
band, which can produce the tunneling current in field emission. However, defect states have 
been recently found at 2.0 and 4.0 eV below the conduction band minimum of diamond by  
photoelectron yield spectroscopy [166]. This finding suggests that these defect states could be 
excitation channel for electron emission from diamond. 
 
Field emission enhancement via a complicated metal-diamond interfacial layer 
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A theoretical calculation of undoped diamond emitter has identified that the injection of 
electrons from the metallic back contact is an essential limiting factor to emission current 
[78,167]. Thus, it has been suggested that a possible mean to enhance electron emission is to 
populate the conduction band with electron injection through a complicated metal-diamond 
interfacial layer. It has been speculated that there is a complicated interfacial layer resulting from 
a chemical reaction between the metal and a treated diamond surface [168].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19. Energy band diagram of metal-diamond contact with an insulating interfacial layer 
(a) at thermal equilibrium and (b) under forward bias. 
 
Recently, it has been found that an interfacial layer of Mo2C is formed on diamond 
coated Mo emitter by annealing at 500 °C for several hours [76,167]. The electron emission was 
found to improve after the interfacial layer formation. In addition, an interfacial layer of Au-
amorphous carbon from diamond grown on gold-coated silicon substrate has also been observed 
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using secondary ion mass spectroscopy (SIMS) [102]. The electron emission of diamond gold-
coated silicon substrate is significantly better than that of diamond on bare silicon substrate. The 
results suggested that the electron injection through the interfacial layer could be responsible for 
field emission enhancement. The electron injection through the interfacial layer can be viewed 
by the energy band diagram in Figure 2.19. The interfacial layer is assumed to be a poor 
conductor with a low carrier concentration such that when a DC current passes through the 
structure, a significant voltage drop can occur in the interfacial layer. Thus, a steep potential 
energy drop across the interface between the metal and diamond will be produced under applied 
electric field. As a result, electrons from metal states with energies near the Fermi level can 
tunnel through the insulating gap into the conduction band of diamond. In the case of a 
semiconductor-diamond interface, complicated interfacial structure has also been observed. In 
principle, injection of electrons into the conduction band of diamond through such an interface is 
also possible. 
The field emission from different surfaces of diamond was calculated and the possible 
source of the field emission from bulk and surface state was studied by a real space Monte Carlo 
(MC) simulation [168-169]. In this simulation, it was assumed that electron injection via 
complicated interfacial layer is the mechanism by which electrons are populated in the 
conduction band of diamond. A real space Monte Carlo (MC) simulation was then performed to 
study the electron transport in the conduction band and to examine the effect of the internal 
electric field and the thickness of the material under a given electron energy distribution. 
The scattering processes considered in the electron transport calculations [169] are 
acoustical (low energy mode phonon) intravalley elastic, acoustical intravalley inelastic, 
intravalley optical (high-energy mode phonon), and intervalley phonon scattering. The 
intravalley scattering needs to be included, because the constant energy surfaces near the bottom 
of the conduction band consist of six ellipsoids in the <100> directions (because there are six 
valleys of conduction band minima, the composite intravalley scattering is not negligible). 
Electron-electron elastic scattering in the conduction band can be omitted since it only affects 
the randomization of the energy distribution. For the low field approximation (<10 V/µm), the 
electron-plasmon (collective conduction of electron gas particle) scattering can be omitted since 
the plasma energy of conduction electron is small (meV) for normal electron concentrations in 
semiconductors. 
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It was found that for low internal fields (<0.1V/µm), the majority of scattering events are 
due to acoustical phonons since the energy gained by the electrons due to the acceleration by the 
internal field was dissipated through collisions with phonons. The electron energy distribution is 
independent of both the field and the thickness of the film and the nearly constant value of the 
energy distribution inferred that the electron-lattice system is in the thermal equilibrium. As the 
field increases, however, the energy distribution shows a tail and strongly depends on the applied 
field and film thickness since there is an energy gain by the electrons, resulting in some electrons 
with higher energies. For wider films, the accumulation of energy is larger and hence the 
distributions show longer tails. As electron energy and applied field increase, the contribution of 
optical phonon and interband scattering increases and the number of scattering decreases from 
several hundred at low fields to about 7 particles at 10 V/µm.  Thus, there is a transition to 
ballistic behavior in diamond as electric field increases above a critical field (10 V/µm).  In the 
other word, electron can travel through diamond with experiencing very few scattering events 
and thus it acts like it is in free flight in an electric field. Therefore, the simulation results 
suggest that if a realistic and viable electron injection mechanism into the conduction band of a 
diamond-metal or diamond-semiconductor interface exists for those NEA diamond surfaces, then 
a copious cold cathode electron emitter is feasible at low applied electric field. 
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CHAPTER III 
 
FIELD EMISSION VACUUM DIODE AND TRIODE 
 
Field emission vacuum diode 
 
Structure and basic operating principles 
Field emission vacuum diode is a two-electrode electronic device, which has a simple 
structure as shown in Figure 3.1 (a). The first electrode is called cathode where electrons are 
emitted. The second electrode is called anode where electrons are collected. They are separated 
by a vacuum gap. To allow emission occurring at a low electric field, the cathode is normally 
made of low work function material or with a sharp structure. The circuit symbol of a vacuum 
diode is shown in Figure 3.1 (b). The operating principle of field emission vacuum diode is as 
following. 
Under forward bias where a positive voltage is applied to the anode with respect to the 
cathode, electrons emit from cathode through the triangle potential barrier into vacuum via 
Fowler-Nordhiem tunneling process. The emitted electrons are accelerated through vacuum gap 
under applied electric field and collected at the anode. When, they strike the anode, they give up 
most of their energy to the anode in form of heat. This loss is in the nature of I2Ra, where Ra is 
the anode resistance. Under reverse bias where a negative voltage is applied to the anode with 
respect to the cathode, electrons may emit from anode into vacuum via Fowler-Nordhiem 
tunneling process. However, the electron tunneling from anode into vacuum only occurs at a 
very high electric field because the anode is normally made of a high work function metal with 
planar structure, which does not allow emission to occur at low electric field. Therefore, field 
emission diode has a rectifying I-V characteristic. However at high reverse voltage, reverse 
breakdown occurs due to electron tunneling in the reverse direction. The reverse breakdown field 
and voltage depend on the anode-cathode spacing, type of anode, and condition of anode surface. 
It was found that the breakdown field for a highly polished chrome-steel anode increases from 45 
kV/mm to 220 kV/mm as the vacuum gap decreases from 1 mm to 50 µm. However, the 
corresponding breakdown voltage decreases from 45 kV to 11 kV [170]. 
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Figure 3.1. Field emission vacuum diode (a) structure and (b) symbol. 
 
Field emission diode characteristics 
A typical current-voltage (I-V) characteristic of a silicon field emission diode [18] is 
shown in Figure 3.2. Under forward bias, I-V characteristic follows the Fowler-Nordhiem 
equation. The corresponding F-N plot of Ln(I/V2) vs. 1/V as shown in Figure 3.3 is almost 
linear. No deviation due to image and space charge effect can be observed because the current 
density is not sufficiently high. Under reverse bias, there is no emission current at low applied 
voltage.  
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Figure 3.2. A typical current-voltage (I-V) characteristic of silicon field emission diode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. A typical Fowler-Nordhiem (F-N) plot of silicon field emission diode. 
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Field emission vacuum triode 
 
Structure and basic operating principles 
Field emission vacuum triode is a three-electrode electronic device, which has a simple 
structure as shown in Figure 3.4 (a). The first two electrodes are cathode and anode as described 
for the field emission diode. The third electrode is called grid or gate. The gate is an electrode in 
the form of a suitable mesh, screen or circular flat structure placed between the cathode and 
anode. It is also often referred to as the control gate, but this distinction is only necessary in 
multi-electrode emitter structures containing more than one gate. The emission current flowing 
from the cathode to the anode must pass through the gate. The gate is, therefore, in a strategic 
position, and can largely control the anode current flow. The gate normally lies closer to the 
cathode. The addition of a gate between the anode and cathode makes it possible to control a 
large emission current by means of a small potential applied to the gate. Accordingly, triodes are 
useful in detection and amplification of small currents or voltages as well as in the generation of 
oscillations. The circuit symbol of a vacuum triode is shown in Figure 3.4 (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Field emission vacuum triode (a) structure and (b) symbol. 
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The function of anode and cathode for field emission vacuum triode are basically the 
same as that of a vacuum diode. The gate of field emission vacuum triode controls electric field 
at the cathode and helps to reduce space charge when operating in vacuum diode configuration. 
When a gate is interposed between the anode and cathode, it tends to screen the cathode from the 
anode field. A small change in the gate potential results in a large change in this field and hence 
a large change in emission current. If the gate is grounded to the cathode, the field emission 
behavior of a triode is the same as that of a diode because the gate contributes no effect on the 
electric field between anode and cathode.  If the gate is made slightly positive with respect to the 
cathode, the gate significantly increases the electric field at the cathode, thus permitting the 
anode to draw a larger emission current. On the other hand, if the gate is made negative with 
respect to the cathode, the negative electric field of the gate significantly reduces the electric 
field at the cathode, which results in a smaller emission current.  
The potential field at the cathode consists of two components. They are the potential field 
produced by the gate and the stray field provided by the anode, which act through the opening of 
the gate [174]. Accordingly, the characteristics of the field emission triodes depend upon many 
factors such as gate-cathode spacing, gate-anode spacing, size and geometry of gate. The stray 
potential field Vs due to the applied anode voltage Va may be expressed by 
Vs = γVa (3.1) 
where γ is a constant determined by gate construction. This constant may be calculated 
from the electrostatic theory for simple geometrical design. In practice, this constant actually 
weakly depends on the gate and anode voltages. The electric field due to gate is the applied gate 
potential Vg plus V0, where V0 is the contact difference potential between gate and cathode. The 
total field at the cathode therefore is [174] 
Vt = γVa + Vg + V0 (3.2) 
This is really an equivalent gate potential that would produce the same field at the 
cathode as the combined effect of gate and anode potentials. The total emission current from the 
cathode is therefore obtained by putting Vt into the Fowler-Nordhiem equation in the place of 
anode-cathode voltage. Thus, the total emission current from cathode is given by 
It = AK1(β2(γVa + Vg + V0)2 /(d2Φ))exp(-K 2 v(y)dΦ3/2/β(γVa + Vg + V0)) (3.3) 
where d is cathode-gate spacing,  all other variables and parameters in the equation were 
defined previously. The total emission current from the cathode would then be split into two 
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components, anode current and gate current. Let’s define α as the fraction of the anode current to 
the total emission current, then the anode current and gate current are given by 
Ia = α It 
    = αAK1(β2(γVa + Vg + V0)2 /(d2Φ))exp(-K 2 v(y)dΦ3/2/β(γVa + Vg + V0)) (3.4) 
Ig = (1-α) It 
    = (1-α)AK1(β2(γVa + Vg + V0)2 /(d2Φ))exp(-K 2 v(y)dΦ3/2/β(γVa + Vg + V0)) (3.5) 
where α is defined as transport factor similar to the transport factor of bipolar junction 
transistor, which take on value between 0 and 1. The α factor depends on several parameters. 
The first is the relative value between anode and gate voltages. For a given gate voltage, α is 
approaching 0 when anode voltage is much smaller than gate voltage. As anode voltage 
increases and becomes comparable to gate voltage, α takes on some values between 0 and 1. 
This region of triode operation is called non-saturation region. It is the region where anode 
current increases with anode voltage. As anode voltage increases further and becomes 
significantly higher than gate voltage, α is approaching to 1. This region of triode operation is 
called saturation region. It is the region where anode current is almost independent of anode 
voltage. This is the region where triode is normally biased for small signal amplification. Other 
parameters that α depends on are gate-cathode and anode-gate spacings. As the gate-cathode 
spacing decreases, higher anode voltage is required to extract electrons to the anode and hence α 
decreases at a given anode and gate voltage. On the other hand, as the anode-gate spacing 
decreases, lower anode voltage is required to extract electrons to the anode and hence α 
increases at a given anode and gate voltage. However, it was found that α is much more 
depending on gate-cathode spacing than it is on anode-gate spacing.  
A standard thermionic field emission triode normally operates with the gate voltage made 
negative with respect to cathode. In this way, electrons are repelled from the gate while it is 
controlling the cathode-anode current. This current could also be controlled with gate voltage 
positive with respect to cathode. However, the electrons attracted to the gate would create a 
cathode-to-gate leakage current that would degrade the tube’s operation. On the other hand, the 
field emission triode normally operates in the opposite regime as the thermionic field emission 
triode. If the gate were biased more negative than the cathode, there would be a possibility of 
having reverse field emission from the gate that would create an undesired gate-anode leakage 
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current. By operating the gate with positive bias, there will be no reverse field emission from the 
gate or cathode-gate leakage current because field emission creates high-velocity electrons at the 
cathode that will basically ignore the gate voltage as they travel to the anode. However, the gate 
voltage will change the field on the cathode, which will control the emission rate and thus the 
emission current as explained earlier.  
Under reverse bias where a negative voltage is applied to anode with respect to cathode 
at a given gate voltage, there will be no emission current between anode and cathode until the 
reverse breakdown voltage is reached where reverse electron tunneling from anode occurs. 
However, if the gate is made positive with respect to the cathode, there will be emission current 
between gate and cathode. If the gate is made negative with respect to the cathode, there will be 
no emission current between gate and cathode until the reverse breakdown voltage is reached 
where reverse electron tunneling from gate occurs. Therefore, the gate and cathode become a 
field emission diode and the gate performs function as an anode. Normally, field emission 
triodes do not operate under these conditions. 
 
 Field emission triode characteristics 
The field emission triode characteristics can be classified into two parts: static and 
dynamic characteristics. Static characteristics are characteristics of a triode under no load 
condition and dynamic characteristics are characteristics of a triode under loaded condition. 
Furthermore three important coefficients, amplification factor, gate-anode transconductance and 
anode resistance, are defined to characterize the performance and characteristics of vacuum 
triode [175]. 
Static characteristics 
The static characteristic of a triode can be obtained by applying dc voltages directly on 
the gate and anode of a triode with no load resistor on the anode circuit. The applied voltage on 
gate and anode are varied and the anode and gate currents are measured to obtain a set of 
characteristic data. From the characteristic data, various static characteristics can be represented 
in three different forms as discussed below. 
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Figure 3.5. Calculated field emission triode Ia-Va characteristic of the modeled silicon field 
emitter triode. 
 
The static characteristic of a triode is normally represented by the family of plots between 
anode current and anode voltage (Ia-Va) with a constant gate voltage (Vg) in each plot. A 
modeled Ia-Va characteristic of a silicon field emission triode for various gate voltages is shown 
in Figure 3.5 [16]. Under forward bias, Ia-Va characteristic follows the Fowler-Nordhiem triode 
equation. It can be seen that the turn-on anode voltage at a given gate voltage reduces as the gate 
voltage increases. The Ia-Va characteristic curves were ploted from the Fowler-Nordhiem triode 
equation (Eq. (3.5)) with following parameters: A = π×10-10 cm2, α=1, β = 20, γ ≅ 0.42, Φ = 4.0 
eV and d = 1.47×10-5 cm. These parameters were assumed from a modeled silicon triode 
structure [16] except β, which was obtained by fitting the experimental data [15]. The modeled 
silicon triode structure has an anode-cathode spacing of 2 µm and a gate-cathode spacing of 0.1 
µm. The parameters will be used for all subsequent discussion on the field emission triode.  
Another common static characteristic representation of a triode is the family of plots 
between anode current and gate voltage (Ia-Vg) with a constant anode voltage (Va) in each plot. 
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A
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A modeled field emission triode Ia-Vg characteristic for various anode voltages is shown in 
Figure 3.6. The turn-on gate voltage at a given anode voltage reduces as anode voltage 
increases. The shape of Ia-Vg plots is similar to Ia-Va plots, however the turn-on gate voltage in 
the Ia-Vg plot can vary from a negative to positive value unlike the turn-on anode voltage in the 
Ia-Va plot, which can only be a positive value. It should be noticed that, all curves of this family 
curve have the same shape and are also about equally spaced when anode voltages of 
consecutive curves are equally spaced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Calculated field emission triode Ia-Vg characteristic of the modeled silicon field 
emitter triode. 
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Figure 3.7. Calculated Va-Vg characteristic of the modeled silicon field emitter triode. 
 
The transfer characteristic of a triode is a family of anode voltage vs. gate voltage (Va-
Vg) plots with a constant anode current (Ia) in each plot. A modeled transfer characteristic is 
shown in Figure 3.7. It is clear that Va-Vg curves are approximately linear. The Va-Vg line at a 
given anode voltage are shifted toward positive gate voltage as anode current increases. The 
transfer characteristic is useful in design work, but it is not normally used since it less clearly 
illustrates the operation of a triode from an electronic viewpoint.  
 
Dynamic characteristics 
The static curves of Figures 3.5-3.7 were taken without a load resistor in the anode 
circuit. But, loading affects the operation of a triode and therefore must be considered. Curves 
taken (or calculated) with a load resistance (or impedance) in anode circuit are known as 
dynamic characteristic curves. Dynamic characteristic curve can be obtained by addition of a 
resistor in the anode circuit. With a fixed applied voltage on the anode circuit, the anode current 
is measured as a function of gate voltage. The dynamic characteristic is then obtained by plotting 
anode current vs. gate voltage with the applied voltage (Va’) on the anode circuit. The change in 
V
a (
V
) 
Vg (V) 
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gate voltage results in the change in anode current. With a resistor RL in series, the voltage on 
the anode (Va) is changed according to 
Va = Va’ - IaRL (3.6) 
Hence, the presence of a resistor RL in anode circuit modifies overall characteristic of the 
circuit. Dynamic characteristics can be calculated from static characteristics by using Eq. (3.6). 
Figure 3.8 illustrates the calculated dynamic characteristic with load resistor RL = 10, 20, and 40 
MΩ on the static Ia-Vg characteristic curve of Figure 3.6. Initially, a point P1 (Ia1 = 0.75 µA, Vg1 
= 4.9 V, and Va1 = 40 V) on Ia-Vg static characteristic curve was used as a starting operating 
point. 
For the case of RL = 20 MΩ, the applied voltage on anode circuit Va1’ = Va1+Ia1RL = 
40+20×0.75 = 55 V. This voltage is the required supply voltage and thus is fixed throughout this 
calculation. If the gate voltage decreases, the anode current decreases and thus the actual voltage 
on anode increases. A new operating point P2 of Ia-Vg dynamic characteristic curve can be 
generated on another Ia-Vg static curve with anode voltage Va2 = 45 V and the corresponding 
anode current Ia2 can be calculated by 
Ia2 = (Va1’- Va2)/RL  
= Ia1+(Va1 - Va2)/RL  
= 0.75+(40-45)/20 = 0.5 µA.   
Likewise, another dynamic operating point P3 can be generated on another Ia-Vg static 
characteristic curve with anode voltage Va3 = 35 V by calculating the corresponding anode 
current Ia3. 
Ia3 =(Va1’- Va3)/RL  
    =Ia1+(Va1 - Va3)/RL  
    = 0.75 + (40-35)/20 = 1 µA.  
The same calculation can be repeated to obtain a complete dynamic characteristic curve 
and dynamic characteristic curve for other resistance loads. It can be seen that the Ia-Vg dynamic 
characteristic curve is more linear than Ia-Vg static characteristic curve and the linearity 
improves as the load resistance increases. This property of Ia-Vg dynamic characteristic curve 
allows triodes to be used as a linear amplifier. 
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Figure 3.8. Dynamic characteristic curves calculated on the static Ia-Vg characteristic of the 
modeled silicon field emitter triode. 
 
Another method to obtain dynamic characteristic from static characteristics is to use load 
lines on Ia-Va characteristic curve. Figure 3.5 also illustrates load lines corresponding to the load 
lines in Figure 3.8 on the Ia-Va characteristic curves. The intercepts of load lines on V axis 
indicate the supply voltage of the anode circuits. The intercepts of load lines in Figure 3.5 
indicate that the supply voltages for RL = 10, 20, and 40 MΩ are 47.5, 55, and 70 V, 
respectively. Every point on the load lines is a point of dynamic characteristic. These points can 
be plotted to obtain the same Ia-Vg dynamic characteristic curve as the previous method. 
 
Three characteristic coefficients of a vacuum triode 
The performance characteristics of a vacuum triode are determined by the amplification 
factor, gate-anode transconductance, and anode resistance, are defined to characterize. These 
three coefficients are particularly useful for ac equivalent circuit modeling of vacuum triode. 
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Amplification factor, µ, is a measure of the effectiveness of the control gate voltage 
relative to that of the anode voltage upon the anode current. It is also called static gain. In other 
words, the amplification factor is the ratio of a change in anode voltage to a change in gate 
voltage at constant anode current. Mathematically, the amplification factor is the negative of 
infinitesimal changes, as indicated by the defining equation, 
tconsIg
a
a
V
V
tan=
−=
∂
∂
µ  (3.7) 
where µ is the amplification factor or static gain, Va is the anode voltage, Vg is the gate 
voltage and Ia is the anode current. Partial derivative is used because a third variable is held 
constant.  
Gate-anode transconductance (gag) is defined as the quotient of the in-phase component 
of the alternating current of the anode by the alternating voltage of gate under the conditions that 
all other electrode voltages remain constant. It is also called mutual conductance, gm, or shortly 
transconductance. Mathematically, the gate-anode transconductance or mutual conductance is 
the infinitesimal amplitudes, as indicated by the defining equation,  
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where gag is the gate-anode transconductance, gm stands for mutual conductance, Va is the 
anode voltage, Vg is the gate voltage and Ia is the anode current. The mutual conductance 
generally also depends on gate and anode voltages.  
Anode resistance, ra, is derived from anode conductance which is defined as the quotient 
of the in-phase component of the alternating current of the anode by the alternating voltage of 
anode under the conditions that all other electrode voltages maintain constant. Mathematically, 
the anode conductance is the infinitesimal amplitudes, as indicated by the defining equation,  
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where ga is the anode conductance, Va is the anode voltage, Vg is the gate voltage and Ia 
is the anode current. The values of anode resistance are ordinarily used instead of anode 
conductance. The anode conductance generally depends on gate voltage and anode voltage. 
Anode resistance is defined as the reciprocal of the anode conductance. Symbolically, 
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The values of µ, ga and ra are usually referred to as coefficients. They are not constant, in 
the strict sense, because these values vary with the operating conditions. For a given set of 
conditions, however, a useful relation exists among these coefficients. If equation (3.8) and 
(3.10) are multiplied together, the result is 
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are often useful for design work since one coefficient can be found from the other two. 
There are three basic methods to determine these three coefficients. The first method is the 
graphical method. In this method, these coefficients are calculated from characteristic curves. 
The second method is the direct calculation from characteristic equation. The last method is the 
direct experimental method. In this method, these coefficients are measured directly by dynamic 
measurement techniques. 
The graphical method for determining the amplification factor can be obtained from any 
kind of characteristic curves. The amplification factor can be approximately determined from the 
Ia-Va characteristic curve as following. From two consecutive Ia-Va characteristic curves with 
gate voltages Vg1 and Vg2, two anode voltages Va1 and Va2 at the same anode current Ia can be 
read from these two curves. From the definition, the amplification factor µ is approximately 
equal to (Va1-Va2)/(Vg2-Vg1). For example (Figure 3.5), the anode voltage Va1 is approximately 
34.5 V at gate voltage Vg1 = 7.5 V, and the anode voltage Va2 is approximately 28.5 V at gate 
voltage Vg2 = 10 V on the constant anode current line of Ia = 1 µA.  Therefore, the amplification 
factor µ is approximately equal to (34.5-28.5)/(10-7.5) = 2.4. This amplification factor value 
should only be applied for the operating range of gate voltage from 7.5 V to 10 V, anode voltage 
from 28.5 V to 34.5 V and at anode current of 1 µA. 
The amplification factor can also be estimated from the Ia-Vg characteristic curve in 
similar manner as following. From two successive Ia-Vg characteristic curves with anode 
voltages Va1 and Va2, two gate voltages Vg1 and Vg2 at the same anode current Ia can be obtained 
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from these two curves. From the definition, the amplification factor µ is again approximately 
equal to (Va1-Va2)/(Vg2-Vg1). For instance (Figure 3.6), the gate voltage Vg1 is circa 1.05 V at 
anode voltage Va1 = 50 V, and the gate voltage Vg2 is circa -1.1 V at anode voltage Va2 = 55 V 
on the constant anode current line of Ia = 1 µA. Therefore, the amplification factor µ is 
approximately equal to (55-50)/(1.05-(-1.1) = 2.32. This amplification factor value should only 
be assumed for the operating range of gate voltage from 1.05 V to –1.1 V, anode voltage from 50 
V to 55 V and at anode current of 1 µA. 
The amplification factor can also be calculated from the Va-Vg characteristic curve. 
However, the calculation in this case is simpler and more accurate than the previous cases, 
because the amplification factor is the negative slope of this curve at the point of operation by 
definition. For illustration (Figure 3.7), the negative of slope of the curve at anode current Ia= 1 
µA and anode voltage Va = 50 V is approximately 2.35. This amplification factor value should 
only be used for the operating point at anode voltage of 50 V and anode current of 1 µA. 
However since Va-Vg curves are almost linear the amplification factor is almost the same for 
other operating points along the same line. 
The transconductance can also be graphically estimated from all kinds of characteristic 
curves. The transconductance can be approximately acquired from the Ia-Va characteristic curve 
as following. From two successive Ia-Va characteristic curves with gate voltages Vg1 and Vg2, 
two anode currents Ia1 and Ia2 , at the same anode voltage Va, can be attained from these two 
curves. From the definition, the transconductance gm is approximately equal to (Ia2-Ia1)/(Vg2-Vg1). 
For example (Figure 3.5), the anode current Ia1 is approximately 1 µA at gate voltage Vg1 = 7.5 
V and the anode current Ia2 is approximately 0.11 µA at gate voltage Vg2 = 5 V on the constant 
anode voltage line of Va = 34.5 V.  Therefore, the transconductance gm is approximately equal to 
(1-0.11)/(7.5-5) = 0.356 µS. This transconductance value should only be assumed for the 
operating range of gate voltage from 5 V to 7.5 V, anode current from 1 µA to 0.11 µA and at 
anode voltage of 35 V. 
The transconductance can also be approximately computed from the Ia-Vg characteristic 
curve. The calculation in this case is easier and more precise than the previous case, since by 
definition the transconductance is the slope of this curve at the point of operation. For instance 
(Figure 3.6), the slope of the curve at anode current Ia= 1 µA, gate voltage Vg = 7.5 V, and 
anode voltage Va = 34.5 V is approximately 1.15 µS. This transconductance value should only 
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be applied for the operating point at anode voltage of 34.5 V, gate voltage of 7.5 V, and anode 
current of 1 µA. 
The transconductance can also be approximately attained from the Va-Vg characteristic 
curve in similar manner as following. From two consecutive Va-Vg characteristic curves with 
anode voltages Ia1 and Ia2, two gate voltages Vg1 and Vg2, at the same anode voltage Va, can be 
acquired from these two curves. From the definition, the transconductance gm is approximately 
equal to (Ia2-Ia1)/(Vg2-Vg1). For illustration (Figure 3.7), the gate voltage Vg1 is approximately 
0.3 V at anode current Ia1= 1 µA, and the gate voltage Vg2 is approximately –0.8 V at anode 
current Ia1= 0.4 µA on the constant anode voltage line of Va=50 V.  Therefore, the 
transconductance gm is approximately equal to (1-0.4)/(0.3-(-0.8)) = 0.54 µS. This 
transconductance value should be only assumed for the operating range of gate voltage from 6 V 
to 10 V, anode current from 0.4 µA to 1 µA and at anode voltage of 50 V. 
Anode resistance can also be acquired manually from any kind of characteristic curves 
described above. The anode resistance can be approximately determined from the Ia-Va 
characteristic curve. In this case, the calculation is straightforward, because the anode resistance 
is the reciprocal of the slope of this curve at the point of operation by definition. For example 
(Figure 3.5), the slope of the curve at anode current Ia = 1 µA and gate voltage Vg = 7.5 V is 
approximately 0.3 µS. Thus, the anode resistance is approximately 3.3 MΩ. This anode 
resistance value should only be applied for the operating point at gate voltage of 7.5 V, and 
anode current of 1 µA. 
The anode resistance can be approximately calculated from the Ia-Vg characteristic curve 
as following. From two successive Ia-Vg characteristic curves with anode voltages Va1 and Va2, 
two anode currents Ia1 and Ia2, at the same gate voltage Vg1, can be acquired from these two 
curves. From the definition, the anode resistance ra is approximately equal to (Ia2-Ia1)/(Va2-Va1). 
For instance (Figure 3.6), the anode current Ia1 is approximately 1 µA at anode voltage Va1 = 55 
V and the anode current Ia2 is approximately 0.17 µA at anode voltage Va2 = 50 V on the 
constant gate voltage line of Vg = 1.05 V.  Therefore, the anode resistance ra is approximately 
equal to (1-0.17)/(55-50) = 6 MΩ. This anode resistance value can be only used for the operating 
range of anode voltage from 50 V to 55 V, anode current from 0.17 µA to 1 µA and at gate 
voltage of 1.05 V. 
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The anode resistance can also be estimated from the Va-Vg characteristic curve in similar 
manner as following. From two consecutive Va-Vg characteristic curves with anode voltages Ia1 
and Ia2, two anode voltages Va1 and Va2, at the same gate voltage Vg1, can be attained from these 
two curves. From the definition, the anode resistance ra is approximately equal to (Va2-Va1)/(Ia2-
Ia1). For illustration (Figure 3.7), the anode voltage Va1 is approximately 50 V at anode current 
Ia1= 1 µA and the anode voltage Va2 is approximately 47.5 V at anode current Ia1= 0.4 µA on the 
constant gate voltage line of Vg = 0.3 V.  Therefore, the anode resistance ra is approximately 
equal to (50-47.5)/(1-0.4) = 4.17 MΩ. This anode resistance value should be only assumed for 
the operating range of anode voltage from 47.5 V to 50 V, anode current from 0.4 µA to 1 µA 
and at gate voltage of 0.3 V. 
It is apparent that these graphical methods give different results, largely due to errors in 
taking data, plotting curves, and reading curves. However, this method is useful for hand 
calculation and design work and they agree fairly closely with the more exact method, which 
will be described below. 
Direct calculation of triode coefficients from characteristic equation is a more accurate 
method than the graphical method. This method can be done by performing partial 
differentiation according to the defining equation of these coefficients on the characteristic 
equation of triodes Eq. (3.4). By performing partial differentiation according to the definition in 
Eq. (3.7), the amplification factor of a field emission triode in saturation region (α=1) was found 
to be 
µ = 1/γ (3.12) 
According to Eq. (3.12), the amplification factor of a field emission triode is constant 
independent of gate and anode voltages. However, this is not true for practical real devices 
because γ is not a true constant. It actually weakly depends on gate and anode voltages. The 
amplification factor of a typical field emission triode calculated using Eq. (3.12) along with γ 
computed by an electrostatic simulation code is plotted as a function of gate and anode voltage in 
Figure 3.9 [16]. It can be seen that the amplification factor is approximately an increasing linear 
function of gate voltage and it linearly decreases as the anode voltage increase. The dependency 
of amplification factor on anode and gate voltage can be qualitatively explained as followed. As 
the gate voltage increases, the effectiveness of gate in shielding anode electric field increases 
because of the stronger gate electric field and thereby the amplification factor increases. 
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Conversely as the anode voltage decreases the effectiveness of gate in shielding anode electric 
field increases because of the weaker anode electric field and hence the amplification factor also 
increases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Amplification factor vs. gate voltage for various anode voltages of the modeled 
silicon field emitter triode. 
 
By performing partial differentiation on Eq. (3.4) according to the definition in Eq. (3.8), 
the transconductance of a field emission triode in saturation region (α=1) was found to be [16] 
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Figure 3.10 shows the transconductance as a function of gate and anode voltages of the 
modeled field emission triode calculated using Eq. (3.13) [16]. The values of transconductance 
increase from a very small value at negative gate voltage to a few µS at large positive gate 
voltages. These transconductances are quite low compared to those typically found in standard 
thermionic vacuum tubes, which range form a few hundred to over ten thousand µS. The 
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transconductance can be increased by increasing the number of tip or by decreasing the cathode-
gate spacing for a given anode spacing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Transconductance vs. gate voltage for various anode voltages of the modeled 
silicon field emitter triode. 
 
By performing similar partial differentiation on Eq. (3.4) according to the definition in 
Eq. (3.9), the anode conductance of a field emission triode in saturation region (α=1) was found 
to be [16] 
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The anode resistance is the inverse of the anode conductance as in Eq (3.10). The anode 
resistance of a typical field emission triode calculated using the inverse of Eq. (3.14) is plotted as 
a function of gate and anode voltages as shown in Figure 3.11 [16]. The values of anode 
resistance decreases from a very large value at negative gate voltage to a few hundred kΩ at 
large positive gate voltages. These anode resistances are quite large compared to those typically 
g m
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found in standard thermionic vacuum tubes, which range form a few hundred to over ten kΩ 
over wide range of operating condition. The anode resistance can be reduced by increasing the 
number of tip.  
To perform the direct calculation method, a complete knowledge of the characteristic 
equation is required. This includes the value of all coefficients in the equation. Furthermore, the 
calculation of these coefficients from the characteristic equation of field emission triode is fairly 
complicated because of the complexity of the characteristic equation (Fowler-Norhiem 
equation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. Calculated anode resistance vs. gate voltage for various anode voltages of the 
modeled silicon field emitter triode. 
 
Dynamic measurements of coefficient [174] are experimental methods used to determine 
the true values these coefficients. The direct dynamic measurements, in which alternating current 
bridge circuit are used, give accurate results that include all non-ideal behaviors of the real 
devices. Furthermore, a complete knowledge of the characteristic equation is not required and it 
is less complicated. In performing these measurements, it is important that the following 
precautions must be taken. First, the value of the alternating voltage should be sufficiently small 
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that the results are unaffected by a reduction of the applied voltage. Second, the bridge circuit 
should be arranged such that stray capacitive and inductive couplings do not cause errors or 
make balancing of the bridge difficult. Third, grounding and shielding of the circuits may be 
required. Last, it is usually necessary to make allowances for direct-current voltage drops in the 
bridge circuit so that the correct voltage values are impressed on the electrodes of the triode. A 
frequency of 1 kHz is very satisfactory for this measurement. This frequency can be readily 
detected and the bridge balance with an ac ammeter or a simple telephone receiver. It is 
sufficiently low so that stray coupling usually gives little trouble. Furthermore, since the 
coefficients are unaffected by the value of the testing frequency, at least up to several MHz, the 
coefficient determined at 1 kHz are satisfactory for all except very high frequency radio 
applications. The details of dynamic measurements can be found in the literature [174]. 
 
AC equivalent circuit of a triode at low frequency 
For low frequency ac amplifier applications, two simple forms of ac equivalent circuits, 
Figure 3.12(a)-(b), can be used for field emission triode. Both forms can be shown to be 
equivalent by Thevenin-Norton theorem. A basic application of a triode for a class A amplifier is 
illustrated in Figure 3.12(c). In operation, an alternating voltage vg is applied on the gate of the 
triode. This voltage is then amplified by the amplification factor via the control of gate on anode 
current. This is equivalent to an induce voltage µvg appear across anode and cathode. This 
voltage acts in series with the anode resistance ra and the load resistance RL. The ac current 
flowing through this simple series circuit is 
i = µvg /(ra+RL) (3.15) 
Thus, the output ac voltage across the load is 
vout = i RL= µvg RL /(ra+RL) (3.16) 
and the voltage amplification factor Av for the circuit is 
Av == µ RL /(ra+RL) (3.17) 
Furthermore, the power output for the circuit is 
pout = i2 RL= µ2vg2 RL /(ra+RL)2 (3.18) 
Other than this basic amplifier, the equivalent circuit has varieties of applications in other 
triode circuits such as power amplifier, and modulator. 
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Figure 3.12. AC equivalent circuit at low frequency. (a) and (b) A triode. (c) Class A amplifier. 
 
AC equivalent circuit of a triode at high frequency 
The complete ac equivalent circuit of a triode for ac amplifier applications at all 
frequency is shown in Figure 3.13(a) [176]. In the circuit, T is the internal node that is supposed 
to be located at the apex of the cathode. The dependent current source gmvg and the anode 
resistance ra are described earlier. RC, RG, and RA represent the line resistances of cathode, gate, 
and anode, respectively, which are typically less than 10 Ω. RGC is the modeling resistor for 
leakage current component through the gate dielectric, which is a non-linear resistor and a 
typical value is 1 GΩ. RGT is the modeling resistor for stray emission current component from 
cathode to the gate via the gate opening, which is also a non-linear resistor and is typically very 
large. The resistance of the tip, Rtip, is the internal resistance of cathode, which may be 
calculated from geometry and resistivity of the cathode material. Rtip, is very small for metal tip 
but is not negligible for other materials.  
The gate-tip capacitance, CGT, is the capacitance formed by gate electrode, vacuum gap, 
and tip that can be calculated from the total surface charge induced on the tip by gate voltage, 
which is equal to the surface integral of the electric flux density due to the gate voltage [177]. 
Similarly, the anode-tip capacitance, CAT, is the capacitance formed by anode electrode, vacuum 
gap, and tip that can be calculated from the total surface charge induced on the tip by anode 
voltage, which is equal to the surface integral of the electric flux density due to the anode 
voltage.  The gate-anode capacitance, CGA, is the capacitance formed by gate electrode, vacuum 
gap, and anode electrode, which may be estimated from the gate geometry and the gate-anode 
spacing. Finally, the gate-cathode capacitance, CGC, is the capacitance formed by gate electrode, 
gate dielectric, and planar portion of the cathode, which may be determined from the gate 
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geometry and the gate-cathode spacing and CGC is almost independent of bias voltage. CGC is the 
largest capacitance in the circuit because the gate-cathode spacing is much smaller than anode-
gate spacing and the area of flat portion of cathode is large compared to the gate opening area. 
CGA, is the second largest capacitance, which is typically smaller by 1 order of magnitude 
compared to CGC. CAG and CAT are very small compared to CGC and CGA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. AC equivalent circuit of a triode. (a) Complete circuit for all frequency. (b) 
Simplified form for medium high frequency. 
 
In normal operation of triode at a normally high frequency, CGC, CGA, RG, and RC are 
very small, and RGC and RGA are very large so that they can be ignored. Thus, the equivalent 
circuit of a field emission triode at a medium high frequency can be simplified as illustrated in 
Figure 3.13(b). From the simplified circuit, it can be seen that the combination of CGC, CGA, and 
Rtip determines the limit of speed at which the gate voltage can be modulated and the gain 
attenuation due to the reduction of gate input voltage operating at high frequency. 
The key parameter, which determines the maximum operating frequency for small signal 
amplification, is the cut-off frequency fT.  fT is generally defined as the frequency at which the 
common source short circuit current gain comes to unity. Using the simplified equivalent circuit, 
fT is found to be 
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where mg ′  and GCC ′  are defined as 
GTGCtipTmm CCRfgg
224π+=′  (3.20) 
)1( tipmGCGC RgCC +=′  (3.21) 
mg ′  and GCC ′  are the corrected values of gm and CGC because of the tip resistance Rtip. The 
deviations of mg ′  and GCC ′  from gm and CGC are typically less than 1% for normal field emission 
triode. Thus, in practice the correction may not be necessary. From the equation to the first order, 
fT does not depend on the sample area since gm and CGC are both proportional to the area. Thus a 
simple increasing in the area and hence the number of tips does not improve fT.  There are two 
simple techniques that can improve fT. The first technique is to optimize gm by choosing the 
operating point of higher gate bias voltage. By this technique, CGC does not increase at the same 
time because it does not depend on gate bias voltage. The other technique is to reduce CGC by 
reducing the area of flat region of the cathode or in the other word increasing the tip packing 
density. 
 
Potential applications for field emission diode and triode  
Field emission vacuum diode and triode have numerous potential applications in vacuum 
microelectronics. The vacuum diode and triode can be used as electronic switch, signal or power 
amplifier, oscillator, modulator, and control devices completely analogous to conventional solid-
state p-n diodes and bipolar or MOSFET transistors. However, the field emission vacuum diode 
and triode have several advantages over solid-state semiconductor devices. First of all, the field 
emission vacuum diode and triode can operate at a much higher speed than the p-n diode and 
transistor. This makes them suitable for high frequency applications such as microwave power 
generation and microwave and plasma electronics [178-179]. In addition, field emission devices 
are suitable for high current density and high power electronic applications. Metal field emission 
triodes have shown to be able to operate at high emission current density of 1010 A/cm2 [9,12]. 
Diamond field emitters are supposed to be able to operate at even higher current density due to 
its higher thermal conductivity. Furthermore, radiation does not affect the performance of the 
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vacuum device because it has no p-n junction. Thus, field emission diode and triode can be used 
for radiation-hardened devices in space and other hostile environments.  
The vacuum diode and triode can be used for a number of applications that require 
electron gun such as scanning and transmission electron microscopy (SEM, TEM, and STM), 
electron beam microscopy, electronic lithography, and Auger electron spectroscopy (AES) 
microprobes [72, 180-181]. A major problem of using cold metal and silicon field emitters as 
electron guns is the requirement of ultra high vacuum operating condition to ensure emission 
stability. On the other hand, the use of diamond field emitter as electron gun has been 
demonstrated high emission stability under relatively low vacuum condition due to its robust 
material property [70]. This leads to more economical electron microscopes with simplified 
pumping systems. In addition, since diamond field emitter can operate at low voltage, it can be 
used as electron gun for low voltage electron microscopy such as low voltage SEM.  
Field emission flat panel displays (FEDs) is another potential application of field 
emission diode and triode [51,182-183]. The application of diamond field emitters for low 
voltage FEDs has been widely studied [71,82,89-90]. Other potential applications include novel 
pressure sensors and accelerometers. 
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CHAPTER IV 
 
PROPOSED RESEARCH AND APPROACH 
 
Proposed Research 
The purpose of this research is to develop, for the first time, micropatterned 
polycrystalline diamond field emission devices operable at low voltage for vacuum 
microelectronic applications. To achieve this goal, the research has been focused on two main 
parts. The first part of the research is to develop diamond microtip for use as field emission 
cathode. This part of the research involves design, fabrication, characterization, and developing 
practical techniques to enhance and maximize field emission performances of diamond 
microtips. The second part of the research is to develop monolithic micro-patterned diamond 
field emission devices, diodes and triodes. This later part of the research includes design, 
fabrication, characterization, and modeling of monolithic micro-patterned diamond field 
emission diodes and triodes. The following sections describe the proposed research methods. 
Details of device fabrications, implementations, and characterization methods will be presented 
in chapter V. 
 
Part I: Design and development of diamond microtips for use as field emission cathode 
 
Design concept for diamond field emission cathode 
An understanding of the physics of diamond field emission is essential for diamond field 
emitter design. Conceptually, the physics of diamond field emission can be summarized and 
illustrated in Figure 4.1. 
For electron field emission from diamond to occur electrons must: 
1) Tunnel through the metal-diamond interface. Electron tunneling at the metal-diamond 
interface depends on the barrier height, Φb, and hence the choice of metal contact. 
2) Conduction through the diamond layer. The conduction through diamond plays an 
important role in the diamond field emission characteristics and this conduction is primarily 
controlled by diamond’s composition (sp2/sp3 and doping). 
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3) Tunneling through the diamond-vacuum interface. The geometry of diamond emitter 
controls the electric field and the electron tunneling probability through the diamond-vacuum 
interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. A summary of the physics of diamond field emission. 
 
The electron emission from the diamond emitters were found to obey the modified 
Fowler-Nordhiem equation: 
Ln(I/E02)= Ln(A* K1*β2/Φ)-( K 2 *Φ1.5/β)(1/ E0) (4.1) 
where K1 and K 2 are constants, I is the emission current, Φ  is the work function of  the 
emitting surface (in eV), β is the total field enhancement factor, A is the emitting area, and E0 is 
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the macroscopic applied electric field (Volts/cm). E0=VD/d where VD and d are the anode-
cathode voltage and spacing, respectively. 
Furthermore, we have identified the unique behavior of the total field enhancement factor 
β of the diamond tip. The β can be expressed as the product of the following field enhancement 
components: 
β = βg βsp2 βt βp (4.2) 
where βg, βsp2, βt, and βp are field enhancement components due to the tips’ geometry, 
sp2 content, surface treatment, and boron doping, respectively.  
 
Design of diamond tip parameters  
Examining these parameters of the physics of diamond field emission allows one to 
design an optimized tip structure and composition. An effective way of enhancing diamond 
electron emission is maximizing the field enhancement factor components, βg, βsp2, βt, and βp. A 
systematic approach to improve the diamond emission behavior was conducted. 
I. Tip geometry design, βg 
Diamond microtips were achieved via silicon molding technique [184]. The molding 
technique can produce well-controlled micro-patterned diamond emitters with a well-defined 
diamond microtip structure and uniformity over a large area that cannot be achieved by other 
techniques. Diamond pyramidal microtips have been successfully fabricated by PECVD 
diamond deposition on inverted pyramidal silicon molds. The inverted pyramidal silicon molds 
can be reproducibly formed by anisotropic etching of micron-size square patterns on a (100) 
single crystal silicon wafer. The inverted pyramidal cavity, which comprised of 4 (111) planes of 
silicon, is the inverted trapezoidal shape with a 70.5° angle at the apex. 
The diamond pyramidal microtips with normal trapezoidal geometry having quite large 
angle and radius curvature at the apex and thus have low geometrical field enhancement factor.  
With such a low geometrical field enhancement factor, optimum emission characteristics from 
diamond microtips may not be achieved. Thus, pyramidal microtips with sharper apex should be 
designed to increase the geometrical field enhancement factor, hence improving field emission 
characteristics.  
Pyramidal diamond tips with sharp apex have been designed utilizing mold sharpening 
technique. The sharpened silicon mold can be fabricated by dry thermal oxidation of the 
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anisotropic etched silicon cavities. Sharpened diamond tips having very sharp apex and small 
radius curvature of 5 nm have been successfully fabricated. The results of the effect of tip 
geometry on diamond field emission will be presented in chapter VI. 
II. sp2/sp3 composition control, βsp2 
The sp2/sp3 composition in diamond film can be controlled by varying PECVD process 
parameters. The most critical process parameter that controls sp2 formation in diamond film is 
the ratio of methane (CH4) to hydrogen (H2) concentration. The higher the CH4/H2 ratio, the 
higher the sp2 content incorporated into the diamond film. A systematic study on the effect of 
sp2/sp3 composition on diamond field emission was performed. The results of the effect of 
sp2/sp3 composition on diamond field emission will be presented in chapter VI. 
III. Tip treatment, βt  
The vacuum-thermal-electric (VTE) treatment is a post-fabricated treatment in which the 
diamond microtips were simultaneously treated at low emission current under moderate heat and 
applied electric field. The results of the effect of VTE treatment on diamond field emission will 
be presented in chapter VI. 
IV. Doping of diamond microtips, βp  
Incorporation of boron dopant in diamond tips changes the diamond bulk conductivity. 
The effect of boron dopants on the field emission characteristics of micropatterned diamond 
microtips has been investigated. Boron doping was performed in-situ by the introduction of solid 
boron source during PECVD diamond growth process. The results of the effect of p-type doping 
on diamond field emission will be presented in chapter VI. 
 
Part II: Design and development of monolithic diamond vacuum diodes and triodes 
 
Design of monolithic diamond vacuum diodes 
A monolithic micro-patterned diamond vacuum diode can be achieved by integrating 
diamond microtips with a built-in anode (gate). There are two main configurations of built-in 
anode: planar suspended anode and self-aligned anode.  
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Figure 4.2. Monolithic diamond vacuum diode with (a) planar suspended anode and (b) self-
aligned anode. 
 
For the first case, a planar anode is aligned and placed directly over the diamond tips via 
a solid spacer as illustrated in Figure 4.2(a).  A cap anode attached via electrostatic bonding 
technique has been constructed to achieve this type of monolithic diamond diode. A major 
problem in achieving this type of monolithic diamond diode is the coplanar alignment of the 
anode-cathode spacing. 
For the self-aligned anode case, an anode that is normally a layer of conductive material 
is self-aligned to the diamond tips via an insulating layer as illustrated in Figure 4.2(b). This 
structure is also called “gated diode” because the self-align conductive layer can also be used as 
the gate of a triode. Self-align volcano process and self-align gate molding have been employed 
to accomplish monolithic diamond field emission diodes with built-in anode. The detail 
fabrication process will be present in Chapter V. 
The key parameter for diamond vacuum diode design is the turn-on voltage. For most 
applications, the turn-on voltage should be as low as possible. Since the turn-on voltage depends 
on the turn-on electric field of diamond cathode and the anode-cathode spacing, it is desired that 
diamond cathode with low turn-on electric field and small anode-cathode spacing be fabricated. 
Diamond cathode with low turn-on electric field, as discussed previously, can be achieved by a 
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proper design of diamond cathode with a high field enhancement factor (β). Anode-cathode 
spacing of less than a micron can be realized with the self-align fabrication techniques. 
 
Design of monolithic diamond vacuum triodes 
Monolithic micro-patterned diamond triode can be achieved by integrating gated 
diamond emitters with an anode via a spacer as illustrated in Figure 4.3. An important parameter 
for diamond vacuum triode design is the gate turn-on voltage. For most practical applications, 
the gate turn-on voltage is desired to be small. Similar to diamond vacuum diode, the gate turn-
on voltage relies on the turn-on electric field of diamond cathode and the gate-cathode spacing. 
Proper diamond cathode design and self-align fabrication techniques are the approaches to 
achieve the desired goals. We achieved micro-patterned diamond vacuum triodes with a low 
operating voltage and high emission current by these approaches. 
 
 
 
 
 
 
 
 
 
Figure 4.3. Monolithic diamond vacuum triode. 
 
Other important parameters for diamond vacuum triode design are amplification factor 
and transconducance. Amplification factor determines the ultimate voltage gain and 
transconductance signifies current driving capability when a diamond triode is operated as an 
amplifier. For transistor application, the amplification factor and transconductance are desired to 
be high. To achieve high amplification factor, gate-anode spacing and the gate positioning must 
be properly chosen such that cathode is effectively shield from the anode by the gate but anode 
potential is still capable of collecting all electrons emitted from the cathode. High emission 
current at low gate voltage from diamond triode is the key requirement to achieve high 
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transconductance. High transconductance can be achieved by proper design and high packing 
density of diamond triode structure. 
 77
CHAPTER V 
 
DEVICE FABRICATION AND EXPERIMENTATION 
 
This chapter describes various fabrication processes developed for achieving diamond 
field emission cathodes, diodes, and triodes. This chapter also presents field emission 
characterization methods for the fabricated devices. 
 
Fabrication of the micro-patterned diamond field emission cathode 
Two types of diamond field emission cathode structures have been successfully 
fabricated, the pyramidal microtip and the pyramidal microtip with sharpened apex. 
 
I. Mold transfer technique for fabrication of pyramidal diamond microtips 
The fabrication scheme of pyramidal diamond microtips is shown in Figure 5.1. First, a 
0.2 µm SiO2 layer was grown on (100) silicon wafer. Conventional photolithographic patterning 
was then used to define a mask array of diamond microtips. The base width of pyramidal 
microtip was defined by a square pattern of 2 µm x 2µm. Next, SiO2 in the pattern was etched 
away by buffered oxide etching (BOE) solution. To form an inverted pyramidal structure, the 
silicon wafer was anisotropically etched with an etch-stopped process using potassium 
hydroxide: normal propanol:deionized water solution. Due to anisotropic etching behavior of 
KOH solution, the etching rate on silicon (111) plane is smaller than that on (100) plane and 
hence an inverted pyramidal cavity that comprised of four (111) planes was formed. The 
remaining SiO2 was then removed by the buffered oxide etch (BOE) solution. Next, diamond 
was deposited in and on the inverted pyramidal silicon mold by plasma enhanced chemical vapor 
deposition (PECVD). Finally, the silicon mold was completely etched away by HF:HNO3 
etching solution and micropatterned polycrystalline pyramidal diamond microtips were obtained. 
 
 
 
 
 
 78
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. The fabrication process of pyramidal (trapezoidal) diamond microtips 
 
In order to study diamond-processing parameters on field emission characteristic of 
diamond tips, PECVD fabrication parameters were varied to obtain diamond tips with different 
sp2/sp3 compositions and doping concentrations. The most critical process parameter that 
controls sp2 content formation in diamond film is the ratio of methane to hydrogen concentration. 
The higher methane concentration, the higher sp2 content in diamond film was obtained. The 
second critical process parameter that controls sp2 content formation in diamond film is the 
microwave power level. The microwave power determines the power of the hydrogen plasma. 
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The higher power of hydrogen plasma, the more sp2 etching occurs. The substrate temperature 
also has an effect on sp2 formation in diamond film. A low substrate temperature was used for 
all-sp2-content steps in order to prevent the secondary effect of hydrogen plasma etching. Lastly, 
the chamber pressure also affects sp2 formation in diamond film. The higher pressure, the more 
sp2 etching by the hydrogen plasma occurred because the plasma was condensed by pressure so 
that its effective power increased. Boron doping was performed in-situ by gas or solid boron 
source during PECVD diamond growth process. 
For this investigation, five types of diamond films with different sp2 contents and doping 
conditions were grown on the silicon mold: i) undoped diamond film with no sp2 content, ii) 
undoped diamond film with trace sp2 content, iii) undoped diamond film with low sp2 content, 
iv) p-type diamond film with trace sp2 content, and v) p-type diamond film with low sp2 content. 
The detailed processing parameters of each type of film are proprietary information of 
Vanderbilt diamond technology laboratory. 
 
II. Mold sharpening technique for fabrication of pyramidal diamond microtips with ultra sharp 
apex 
The fabrication scheme of pyramidal diamond microtip with ultra sharp apex is shown in 
Figure 5.2. After the inverted pyramidal cavities in Si were formed by anisotropic etching as 
previously described in the mold transfer process, a 0.2 µm thick SiO2 layer was then thermally 
grown on the pyramidal cavities by dry thermal oxidation for inverted apex sharpening. This 
ultra-sharp apex occurs because the thermal oxidation rate on the (111) planes of the inverted 
pyramidal silicon surface is faster than that on the (100) plane of the silicon base and the 
oxidation rate at the apex is smallest due to limited oxidation reaction in this confined region. 
Next, diamond was deposited in and on the sharpened inverted pyramidal mold by PECVD. 
Finally, the mold was completely etched away by HF:HNO3 solution to obtain pyramidal 
diamond microtips with ultra sharp apexes. 
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Figure 5.2. The fabrication process of pyramidal diamond microtips with ultra sharp apex. 
 
Fabrication of monolithic diamond vacuum diodes 
Five fabrication methods for monolithic diamond vacuum diode structures have been 
explored and developed: i) capped vacuum diode by electrostatic bonding technique, ii) diamond 
vacuum diode by self-aligned volcano anode technique, iii) self-align-anode-molding technique 
utilizing standard silicon wafer, iv) self-align-anode-molding technique utilizing epitaxial wafer, 
and v) self-align-anode-molding technique utilizing SOI wafer. 
 
I. Capped vacuum diode by electrostatic bonding technique 
The fabrication process of capped diamond vacuum diode by electrostatic bonding is 
shown in Figure 5.3. First, micropatterned diamond field emitter arrays were fabricated by 
PECVD diamond deposition in and on the inverted pyramidal silicon mold as previously 
described. Next, a metal layer was deposited on the diamond film and bonded to a glass substrate 
via a metal layer by electrostatic bonding technique with an applied voltage of 800 V at 300 °C. 
The silicon mold was then completely etched away. An anode (cap) comprised of heavily doped 
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silicon was then prepared by photolithographic SiO2 masking and silicon anisotropic etching 
techniques. The conventional ethylenediamine (EDP) etching solution was used for silicon 
anisotropic etching. To complete construction of the capped diamond field emitter diode, the 
silicon anode was electrostatically bonded to the glass substrate via the SiO2 dielectric layer. The 
electrostatic bonding was conducted at an applied voltage of 500 V at 200 °C in an open 
environment. The emitter-anode spacing was designed to be 2 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. The fabrication process of capped vacuum diode by electrostatic bonding technique. 
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II. Diamond vacuum diode by self-aligned volcano anode technique 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. The fabrication process of diamond vacuum diode with self-aligned volcano anode. 
 
The fabrication scheme of diamond vacuum diode with self-aligned volcano anode is 
shown in Figure 5.4. First, micropatterned diamond field emitter was fabricated from PECVD 
diamond deposition in and on the silicon mold as previously described. Next, the diamond field 
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emitter was bonded to a glass substrate via a metal layer and the silicon mold was then etched 
away. To construct the self-aligned volcano anode, a 1 µm-thick SiO2 as an insulating spacer and 
a 1 µm-thick Al as an anode layer were subsequently deposited on the diamond field emitter. 
Photoresist (PR) was then spun on the Al layer. Next, PR was partially etched by ion-etching 
technique to expose the tip apexes. Finally, Al and SiO2 at the tip apexes were etched away to 
complete the construction of the self-aligned volcano anode structure with SiO2 as the anode-
cathode dielectric and Al as the anode. 
 
III. Self-align-anode-molding technique utilizing standard silicon wafer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. The fabrication process of self- align-anode-molding technique utilizing standard 
silicon wafer. 
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The fabrication scheme of the self-align-anode-molding technique is shown in Figure 
5.5. First, PECVD diamond was deposited in and on the SiO2 inverted pyramidal cavities as 
previously described. A square window was then opened on the backside of the mold and silicon 
was then anisotropically etched by ethylenediamine (EDP) solution until SiO2 covered diamond 
apexes were exposed. Finally, the SiO2 near the apex region was etched away to expose the 
naturally sharpened diamond tips. The remaining SiO2 and Si form dielectric spacer and anode, 
respectively. To provide support and electrical contact, the diamond field emitters were bonded 
to a glass substrate via a conductive layer. 
 
IV. Self-align-anode-molding technique utilizing epitaxial silicon wafer 
The fabrication diagram of diamond vacuum diode with self- aligned silicon anode 
utilizing epitaxial silicon wafer is shown in Figure 5.6. For this fabrication, specifically design 
epitaxial wafer was used as the starting material. The epitaxial wafer comprises of 2.2 µm-thick 
(100) n-type silicon epitaxial layer with resistivity of 0.02 Ω-cm on (100) p-type silicon substrate 
with resistivity of 10 Ω-cm and thickness of 525 µm. A 0.2 µm-thick SiO2 layer was then grown 
on the wafer surface. Inverted pyramidal cavities were then formed on the Si active layer (as 
anode layer) by photolithographic patterning of square patterns on 0.2 µm-thick SiO2 layer and 
anisotropic etching of Si as previously described in the molding process. The square patterns 
were sized such that the apex of inverted pyramidal cavities would be protruded into the p-type 
substrate as illustrated in Figure 5.6 (c). A high quality 1 µm thick silicon dioxide layer as a 
dielectric spacer was then grown on the silicon inverted pyramidal mold using dry thermal 
oxidation, which concurrently produced well-sharpened apex on the inverted mold as previously 
described. Next, diamond was deposited by plasma enhance chemical vapor deposition 
(PECVD) on the SiO2 inverted pyramidal mold. The p-type silicon substrate was then selectively 
etched away by electrochemical etching in KOH solution. 
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Figure 5.6. The fabrication diagram of the self- align-anode-molding technique utilizing 
epitaxial silicon wafer. 
 
An experimental scheme for electrochemical etching is shown in Figure 5.7. The 
designed electrochemical etch-stop technique utilizes anodic passivation characteristics of 
silicon with a reverse-bias p-n junction to provide a large etching selectivity of p-type silicon 
over the n-type in anisotropic etchant such as KOH or EDP. The etching is designed to stop at 
the well-defined p-n junction. A positive bias voltage is applied directly to the n-type silicon via 
an ohmic electrical contact while the electrical contact to the p-type silicon is accomplished via 
the etching solution with an appropriated counter electrode (CE). Since the majority of potential 
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drop is across the reverse-biased p-n junction, the p-type silicon remains at open circuit potential 
(OCP) and is etched. When the p-type silicon is completely removed, the diode is destroyed and 
the n-type silicon becomes directly exposed to the etch solution. The positive potential applied to 
the n-type silicon passivates the etching by forming a thin oxide layer and the etching terminates. 
Samples were specially prepared in order to obtain a direct electrical contact to the n+ epitaxial 
layer. The molding sample was masked with a small silicon stripe during PECVD diamond 
deposition such that diamond grew everywhere except the thin stripe placed on the edge of the 
sample. The exposed SiO2 layer of the diamond covered n+ silicon layer was then etched away to 
make electrical contact to n+ silicon. The sample was then mounted in a U-shape tube fixture. 
Viton O-rings, Teflon tapes, and Vinyl caps were used to seal the sample from the solution and 
the electrical contact was achieved by attaching a thin aluminum wire to the n+ epitaxial layer on 
the backside. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Schematic apparatus for electrochemical etching of gated diamond emitter on 
epitaxial silicon based wafer. 
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The sample in the U-shape tube fixture along with additional 2 electrodes: saturated 
calomel reference electrode (SCE) and a platinum counter electrode (CE) were then immersed 
into the KOH solution (40%). The sample and the electrodes are connected to a potentiostat as 
illustrated in Figure 5.7. In this three-electrode configuration, the SCE was included in order to 
stabilize the solution potential, which would be ill-defined and current dependent if only CE was 
used. The current through the CE was adjusted by the potentiostat to zero the SCE current. The 
interface potential of SCE with solution was stabilized because SCE was made currentless and 
having high input impedance. The etching was performed at 60 °C and the SCE current was 
monitored during etching process. SCE current determines the condition for etch-stop. During 
substrate etching, SCE current is at some low value. When etch-stop junction is reached, the 
SCE current increases for a short period of time and then reduces to a lower value than that 
observed during the substrate etching. After etch-stop was accomplished, the sample was 
disconnected from the setup and proceed for SiO2 etching to expose the sharpened diamond 
pyramidal apexes. The remaining SiO2 and n-type epitaxial silicon layers form the dielectric 
spacer and the anode, respectively. 
 
V. Self-align-anode-molding technique utilizing SOI wafer 
The fabrication diagram of self-align-anode-molding technique utilizing SOI wafer is 
shown in Figure 5.8. The fabrication process begins with wafer bonding of two pieces of 
oxidized (100) silicon wafers followed by etchback and electropolishing. The resulting SOI 
wafer is comprised of 2.2 µm-thick silicon active layer, 1 µm-thick SiO2 layer, and 525 µm-thick 
silicon substrate. A 0.2 µm-thick SiO2 layer was then grown on the wafer surface. Inverted 
pyramidal cavities were then formed on the silicon active layer (as anode layer) by 
photolithographic patterning and anisotropic etching of silicon using KOH solution. The square 
patterns are sized such that complete inverted pyramidal cavities are formed within the silicon 
active layer. To achieve highly conductive silicon anode, the silicon active layer was diffused 
with phosphorous using spin-on doping process at 1050 °C. The resulting gate resistivity of less 
than 10-3 Ω-cm was achieved. Next, a silicon dioxide layer was grown on the active silicon layer 
to form the gate dielectric, which concurrently produces a well-sharpened apex on the inverted 
pyramidal SiO2 layer. And the growth proceeded until it touched the embedded 1 µm-thick SiO2 
layer (as the etch-stop layer). Diamond was then deposited on the mold by plasma enhanced 
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chemical vapor deposition (PECVD). The PECVD fabrication parameters were controlled to 
achieve a small but deliberate sp2 content in the diamond film. Next, the backside of the silicon 
was etched away and stopped at the embedded SiO2 layer. Finally, the SiO2 layer was etched and 
the sharpened diamond pyramidal apexes were exposed. However, a slight thinning down of 
silicon gate layer may be performed to adjust and optimize the gate opening. The remaining SiO2 
and silicon form the dielectric spacer and the gate, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. The fabrication diagram of the self-aligned anode diamond field emitter utilizing 
SOI wafer. 
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Fabrication of monolithic diamond vacuum triode 
Two fabrication methods for micro-patterned diamond vacuum triode structures have 
been explored. First, electrostatic bonding technique was used to obtain a self-align gated triode 
with a cap anode structure. Subsequently, integrated anode utilizing SOI bulk layer was 
investigated to achieve self-align gated diamond emitters with an integrated suspending anode. 
 
I. Cap-anode electrostatic bonding technique on gated diamond emitter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. The fabrication process of diamond field emitter triode with a cap anode. 
 
This technique is similar to that of capped diodes. The only difference is that ungated 
diamond emitter is replaced with gated diamond emitter. The fabrication process of a self-align 
gated triode with electrostatic bonded cap anode is shown in Figure 5.9. Upon the fabrication of 
self-align gated diamond field emitters, the gated diamond tips were bonded to a glass substrate. 
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Next, an anode (cap) comprised of heavily doped silicon described previously was 
electrostatically bonded to the glass substrate via the SiO2 dielectric layer over the self-align 
gated diamond field emitter as shown in Figure 5.9 (d). The emitter-anode spacing was designed 
to be 50-100 µm. Alternatively, a cap anode may be bonded directly on the silicon gate layer as 
shown in Figure 5.9 (e). The second configuration is preferred for better anode-cathode co-
planarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. The fabrication process of diamond field emitter triode with a cap anode. 
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II. Integrated anode utilizing SOI bulk layer 
The fabrication scheme of self-align gated diamond field emission triode with self-
aligned anode utilizing SOI bulk layer is shown in Figure 5.10. The fabrication process begins 
with PECVD diamond deposition on sharpened SOI molds described previously. Next, SiO2 
layer on the backside was patterned and etched. The pattern should be aligned such that the 
opening areas are the regions between tips arrays. Si bulk layer was then anisotropically and 
selectively etch-stopped at the SiO2 embedded layer by EDP solution. Finally, the SiO2 
embedded layer was laterally etched to exposed the sharpened SiO2-covered diamond tips. The 
remaining SiO2 embedded layer and silicon bulk form the anode-gate spacer and the suspended 
anode, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. The fabrication process of self-align gated diamond field emitter triode with built-
in anode utilizing SOI bulk layer. 
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Device characterization techniques 
 
Emission characterization of diamond microtips and diamond vacuum diodes 
Emission characteristics of diamond microtips were investigated in diode configuration 
with an external phosphorous anode as shown in Figure 5.11(a). The phosphorous anode was 
used to confirm electron emission by observing the light generated on the screen. The insulating 
spacers (Kapton or Teflon) with thickness of 30 µm or 15 µm were used in this experiment. The 
anode-cathode spacing was determined by the spacer thickness. The glass slide coated with 
metal was used for electrical contact and support. For monolithic diamond vacuum diode, as-
fabricated device was ready to test and the anode-cathode spacing was measured by SEM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11.  (a) Tested structure for diamond mictrotips and (b) Emission testing circuit for 
diamond vacuum diodes. 
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The emission characteristics of diamond microtips and monolithic diamond vacuum 
diodes were characterized by a simple diode test circuit as shown in Figure 5.11(b). A resistor R 
(10MΩ-100MΩ) was used to limit the current in the case of short circuit. Anode and cathode 
were electrically connected to the circuit via metal probes in a vacuum chamber. The emission 
testing was performed at room temperature and in vacuum environment of 10-6 Torr. To begin 
emission testing, the anode voltage was gradually increased from zero until a significant 
emission current was detected. At the beginning stage, the emission was usually unstable 
because there was contamination on the tip surface. Therefore, tip self-cleaning process was 
conducted by adjusting the anode voltage to keep the emission current below 2 µA. After the 
emission became stable, the emission current versus time, at a fixed anode voltage, was taken by 
a computer. The stability of emission current at a given anode voltage can be characterized by 
the current versus time plot. An average value of emission current at a fixed anode voltage was 
then computed and the voltage drop on the limiting current resistor was subtracted from the 
applied voltage to obtain the true anode voltage. The anode voltage was then scanned manually 
in both forward and reverse directions to obtain complete set of current versus voltage 
characteristics. The emission characteristic was obtained by plotting the emission current versus 
the anode voltage. 
Vacuum-thermal-electric (VTE) treatment was conducted on the device by heating the 
device slowly to ~150 °C in vacuum environment of 10-6 Torr. The device was maintained at 150 
°C for several hours while the emission current was kept below 2 µA by adjusting the anode 
voltage. The VTE treatment was terminated when a stable current was obtained for a 
considerable period of time, usually 1 hour. The device was then cooled down slowly to room 
temperature. The same procedure as before VTE treatment was then repeated to obtain the 
emission characteristic after VTE treatment. 
 
Emission characterization of diamond vacuum triodes 
 
Static characteristic emission measurements  
The testing circuit for static emission characteristic of monolithic diamond vacuum 
triode, in a common emitter configuration, is shown in Figure 5.12. In this case the resistor, Ra, 
as a dc load in the anode circuit is omitted. The resistor Rg is used to limit the gate leakage 
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current in the case of short circuit in the gate circuit. Anode, gate, and cathode were electrically 
connected to the circuit via tungsten probes in a vacuum chamber. The anode emission current 
was then measured as a function of gate and anode voltages in a vacuum environment  (10-6 
Torr). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Emission testing circuit for diamond field emitter triodes. 
 
The procedures for triode testing were as followed. Initially, a fixed anode voltage (~ 400 
V) was applied to attract electrons extracted by the gate voltage. Next, the gate voltage was 
gradually increased from zero until a significant anode emission current was perceived. The 
anode emission currents versus time were taken semi-manually by a computer data acquisition 
system. For each set of emission current (Ia) measurement, the anode voltage was scanned 
manually while keeping the gate voltage constant. The gate voltage was then changed to a new 
value and the same emission measurement was repeated until a complete data set for all gate 
voltages in the range of interest were attained. The emission characteristics of triodes were 
obtained by plotting the anode emission current versus gate and anode voltages. 
Vacuum-thermal-electric (VTE) treatment was also conducted on the device by heating 
the device slowly to ~150 °C in vacuum environment of 10-6 Torr. The device was maintained at 
150 °C for several hours while the emission current was kept below 2 µA by adjusting the 
applied gate voltage. The VTE treatment was terminated when a stable anode current was 
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obtained for a considerable period of time, usually 1-2 hour. The devices were then cooled down 
slowly to room temperature. The anode emission currents after VTE treatment were then 
acquired by the same procedure as the pre-VTE emission measurement. 
 
Measurement of dynamic emission characteristics  
The testing circuit for dynamic emission characteristics of diamond field emitter triode is 
a same circuit as that for static characteristic but with an additional load resistor Ra into the 
anode circuit. The Ra is also useful to limit the current in the case of short circuit in the anode 
circuit. 
Upon the emission testing for static characteristic, the variable load resistor Ra into the 
anode circuit was then inserted. The anode emission current and gate current for dynamic 
characteristics were then acquired by the same procedure as the static emission measurement. 
The load resistance Ra may be varied and the previous procedure was repeated to obtained 
dynamic characteristics for various load resistance values. 
 
AC characteristic measurements 
AC characteristics of diamond triode were measured in a basic common emitter amplifier 
circuit as shown in Figure 5.13. The capacitor, C, in the circuit, is for AC coupling (high pass 
filter). The C value is designed according to the high-pass cut-off frequency, fH, which is given 
by 
fH = )//(2
1
aL RRCπ
 
where RL//Ra is the parallel of ac load resistor (RL) and dc load resistor (Ra). fH was 
designed to be less than 10 Hz in this triode amplifier circuit. Choosing a minimum RL//Ra of 50 
kΩ, C value of ~0.3 µF is obtained. Conservatively, a C value of 1 µF is used in this circuit. It 
should be noted that the capacitor used is a high voltage capacitor that can withstand the high 
voltage on the anode circuit. 
The procedures for triode amplifier testing were as follows. Initially, all applied voltages 
are set to zero. First, the capacitor, C, is charged up slowly by gradually increasing Va until 
desired anode bias is reached. Va must increase slowly in order to protect the digital oscilloscope 
from a surge voltage. Next, a gate bias voltage, Vg, is applied until the desired operating 
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emission current is reached and stabilized. Finally, a sine-wave gate input voltage, vin, from a 
function generator is applied. Both ac input and output voltages are simultaneously monitored 
and recorded using the digital oscilloscope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13. A common emitter diamond vacuum triode amplifier circuit. 
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CHAPTER VI 
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 
Part I: Micro-patterned pyramidal diamond field emission cathode 
 
Design and fabrication issues for diamond field emission cathode 
In order to achieve a highly efficient and reliable field emission cathode, the cathode 
must have a designed (not stochastic) geometry with a sharp apex. Metal and silicon cathodes 
with such geometry are achieved from the available material processing technology. On the other 
hand, it is difficult to fabricate a well-defined structured diamond cathode because of challenge 
in diamond processing technology. For example, there is no available wet or dry chemical 
etching for diamond. We have overcome these problems and developed a practical, reliable, and 
efficient mold transfer technique for diamond field emitter fabrication. This mold transfer 
technique can produce well controlled micropatterned diamond emitters with a well-defined 
microtip structure and uniformity over a large area. 
 
Design of diamond pyramidal microtip by mold transfer technique 
In the mold transfer technique, a cathode structure is produced by deposition of the 
cathode material into a mold having an inverse shape of the cathode geometry. We have 
successfully fabricated diamond pyramidal microtips by PECVD diamond deposition into 
inverted pyramidal silicon cavities, which can be reproducibly formed by anisotropic etching of 
micron-size square patterns on (100) silicon wafer. The inverted pyramidal cavity, which 
comprised of 4 {111} planes of silicon, has an inverted trapezoidal shape with a 70.5° angle at 
the apex as illustrated in Figure 6.1. 
The relationship between the base width (W) and the height (H) of a pyramid is given by 
W = 2 H (6.1) 
The base width of the pyramid is determined by the size of the square pattern. The 
nominal height of diamond pyramidal microtip with a base of 2 µm is approximately 1.4 µm. 
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Figure 6.1. Crystallographic structure of inverted pyramidal cavity. 
 
Design of diamond pyramidal microtips with ultrasharp apex  
Since the tip radius of curvature of the pyramidal diamond tip is still quite large, the field 
enhancement factor is low and optimum emission behavior may not be achieved. Thus, it is 
beneficial to sharpen pyramidal diamond tips to achieve the highest performance. However, 
post-fabrication tip sharpening for diamond is nearly impossible because diamond is inert, hard, 
and cannot be etched by any regular chemical etchants. To overcome this problem, we have 
developed a novel mold sharpening technique for the fabrication of ultra-sharp pyramidal 
diamond microtips. 
We have achieved the mold sharpening by dry thermal oxidation of the inverted 
pyramidal silicon mold. Figure 6.2 shows an SEM of a sharpened mold formed by dry thermal 
oxidation versus that of an as-etched, unsharpened pyramidal mold. This ultra-sharp apex 
happens because thermal oxidation rate on the (111) planes of the inverted pyramidal silicon 
surface is faster than that on the (100) plane of the silicon base and the oxidation rate at the 
inverted apex is smallest due to limited oxidation reaction in this confined region. Dry thermal 
oxidation is used to achieve high quality SiO2 dielectric, which is later used as a gate dielectric. 
 
 
 
 
 
z 
y 
x 
)111(  
)111(  )111(  
)111(  
 99
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. Structure and SEM micrograph of (a) unsharpened and (b) sharpened pyramidal 
mold. 
 
Oxidation process parameters for fabrication of pyramidal mold 
There are two oxidation process parameters that define the fabrication of pyramidal 
mold: 1) oxide layer thickness for patterning and 2) oxide layer thickness for tip sharpening. 
1) The oxide layer thickness (T1) for pattering needs to be thin in order to minimize 
lateral etching and better control the tip size. The minimum T1 is determined by the etching 
process used. However, T1 must be sufficiently thick to prevent complete removal of SiO2 
masking layer by KOH during silicon etching process. The etching selectivity of Si over SiO2 for 
KOH is nominally 10-100 depending on KOH concentration and etching temperature. Thus, the 
minimum T1 should be equal to the depth of mold cavity (H), which is the depth of silicon 
etching divided by the minimum selectivity of KOH etching solution. For a typical cavity depth 
of 1.5 µm and a minimum etching selectivity of 10, the minimum T1 is approximately 1.5/10 = 
0.15 µm. Conservatively, a T1 of 0.2 µm is nominally chosen for our fabrication process. 
2). The tip sharpening oxide thickness (T2): T2 determines the sharpness of the inverted 
mold apex. It was found experimentally that increasing T2 would improve the sharpness of the 
inverted mold apex. Thus, T2 should be as large as possible for tip sharpening. However, there 
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are two main factors that limit T2. The first limiting factor is the dry oxidation process. Since 
silicon dry oxidation is a very slow process, it is not practical to grow dry oxide layer thicker 
than 1 µm. The time required for dry thermal oxidation of 1 µm-thick oxide at the standard 
growth temperature of 1100 °C is ~ 48 hours, which is very time consuming. Second, T2 
determines the gate-cathode spacing of gated diamond emitter and hence T2 should be as thin as 
possible in order to reduce turn-on voltage. Therefore, a trade off between the two competing 
issues needs to be taken into consideration for the choice of T2. Thus, T2 of 1 µm was nominally 
chosen for optimum tip sharpness and moderate gate-cathode spacing. 
 
Physical characteristics of micro-patterned diamond field emission cathode 
The microstructures of diamond field emission cathodes were examined by scanning 
electron microscopy (SEM). Figures 6.3-6.4 show the SEM micrograph of unsharpened 
pyramidal diamond microtips. A detailed topology, geometry, and dimension of a single 
unsharpened diamond microtip can be seen in Figure 6.3. It shows a pyramidal diamond tip with 
base dimension of 2 µm x 2 µm and a tip radius of curvature ~ 20 nm. It also can be seen that the 
diamond tip comprises of polycrystalline structures separated by grain boundaries. The average 
grain size is ~ 0.2 µm. Figure 6.4 shows arrays of 7x7 diamond tips with different 
magnifications. It demonstrates good uniformity among tips with tip spacing of ~ 20 µm and 
array spacing of ~ 50 µm. 
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Figure 6.3. An SEM micrograph of a single pyramidal (trapezoidal) diamond microtip 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. SEM micrographs of arrays pyramidal diamond microtips. 
 
Typical structures of sharpened pyramidal diamond microtips are shown in Figures 6.5-
6.6. An SEM micrograph, Figure 6.5, shows a single diamond microtip with ultra sharp apex 
and base dimension of 2 µm x 2 µm. The radius of curvature at the apex was estimated to be less 
than 5 nm, representing the sharpest as-grown diamond tip reported in the literature. Figure 6.6 
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shows a large array of high-density sharpened diamond tips with different magnifications. It can 
be seen that ultra sharp diamond tips with good uniformity in size and shape can be reproducibly 
fabricated by mold sharpening technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. An SEM micrograph of a single pyramidal diamond microtips with ultra sharp apex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. SEM micrographs of arrays pyramidal diamond microtips with ultra sharp apex. 
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The quality of diamond film, sp2/sp3 composition, was characterized using Raman 
spectroscopy. Figure 6.7 shows Raman spectra of diamond films on the tip side for no, trace, 
and low sp2 content, respectively. From these Raman spectra, it can be seen that the ratio of the 
peak-height of sp2 peak (at 1580 cm-1) to diamond peak (at 1332 cm-1) of no sp2 content diamond 
tips is smaller than that of trace sp2 content diamond tips. Likewise, the peak-height ratio of trace 
sp2 content diamond tips is smaller than that of low sp2 content diamond tips. This indicates that 
the higher the sp2 content, the higher the peak-height ratio is obtained. Furthermore, the 
corresponding diamond peak at 1332 cm-1 becomes broader as the sp2 content increases. 
Although the exact sp2/sp3 composition cannot be determined from the Raman spectra, it can be 
assumed that the sp2/sp3 ratio of low sp2 content diamond tip is only in the order of few percents. 
This is because the areas under sp2 and sp3 peaks are approximately the same and the sp2 
bonding has about 50 times higher scattering efficiency than sp3 bonding. Similarly, it can be 
implied that the sp2/sp3 ratio of trace sp2 content diamond tip is less than one percent and the 
sp2/sp3 ratio of no sp2 content diamond tip is negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7. Raman spectra of diamond tips with different sp2 content. 
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Emission characteristics of diamond microtips 
Emission characteristics, current vs. electric field (I-E), of unsharpened diamond tips 
with different sp2 contents before VTE treatment are shown in Figures 6.8-6.12. I-E emission 
characteristics of unsharpened diamond tips with different sp2 contents after VTE treatment are 
shown Figures 6.13-6.17. I-E emission characteristics of sharpened diamond tips with low sp2 
contents before and after VTE treatment are shown Figures 6.18-6.19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. I-E emission characteristics of unsharpened undoped diamond tips with no sp2 
contents before VTE treatment. 
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Figure 6.9. I-E emission characteristics of unsharpened undoped diamond tips with trace sp2 
contents before VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.10. I-E emission characteristics of unsharpened undoped diamond tips with low sp2 
contents before VTE treatment. 
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Figure 6.11. I-E emission characteristics of unsharpened boron-doped diamond tips with trace 
sp2 contents before VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. I-E emission characteristics of unsharpened boron-doped diamond tips with low sp2 
contents before VTE treatment. 
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Figure 6.13. I-E emission characteristics of unsharpened undoped diamond tips with no sp2 
contents after VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.14. I-E emission characteristics of unsharpened undoped diamond tips with trace sp2 
contents after VTE treatment. 
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Figure 6.15. I-E emission characteristics of unsharpened undoped diamond tips with low sp2 
contents after VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16. I-E emission characteristics of unsharpened boron-doped diamond tips with trace 
sp2 contents after VTE treatment. 
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Figure 6.17. I-E emission characteristics of unsharpened boron-doped diamond tips with low sp2 
contents after VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.18. I-E emission characteristics of sharpened undoped diamond tips with low sp2 
contents before VTE treatment. 
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Figure 6.19. I-E emission characteristics of sharpened undoped diamond tips with low sp2 
contents after VTE treatment. 
 
Discussion and analysis of emission results from diamond field emitter cathode 
All emission data of diamond microtips were primarily examined using Fowler-
Nordhiem (F-N) analysis. Emission characteristics based on F-N model were then compared and 
discussed into four categories: (I) the effect of sp2/sp3 composition on diamond field emission, 
(II) the effect of VTE treatment on diamond field emission, (III) the effect of doping on diamond 
field emission, and (IV) the effect of tip sharpening on diamond field emission. 
 
Preliminary Fowler-Nordhiem analysis for diamond field emission 
The emission data of the diamond microtips were analyzed by the modified Fowler-
Nordhiem equation: 
Ln(I/E2)= Ln(AK1β2/Φ)-(K2Φ1.5/β)(1/E) (6.2) 
where K1 and K 2 are constants: K1 =1.54×10-6 A⋅eV/V2, K2 =6.83×107 V/(cm⋅eV3/2), I is 
the emission current, Φ is the work function of  the emitting surface (in eV), β is the field 
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) 
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enhancement factor, A is the emitting area, and E is the macroscopic applied electric field 
(Volts/cm). E=V/d where V and d are the anode-cathode voltage and spacing, respectively. 
According to this equation, a plot of Ln(I/E2) versus 1/E should be linear with the slope 
equals to -K2Φ1.5/β and the intercept at Ln(I/E2) axis equals to Ln(AK1β2/Φ). This plot is 
generally referred to the F-N plot. The F-N plots of the experimental data are in good agreement 
with the F-N equation. Detail discussions for each type of diamond film will be shown in next 
section.  
There are three unknown device parameters involved in the slope and intercept of F-N 
plot: the emitting area (A), the work function (Φ), and the field enhancement factor (β). 
However, these three parameters cannot primarily be determined, because only two equations 
can be obtained from the slope and intercept of the F-N plot. For field emission analysis, the 
work function and field enhancement factor of diamond tips needs to be determined. Additional 
experiment must be conducted to determine one of these unknown parameters. Since the 
emitting area (A) is the area where electrons emitted from the diamond cathode, the exact area is 
difficult to be measured and there has been no experimental technique to directly measure the 
emitting area of field emission cathodes. The work function (Φ) of diamond is also an unknown 
parameter that is difficult to determine because diamond is a wide band gap material. In addition, 
Φ of diamond depends on diamond composition and surface structure. The field enhancement 
factor (β) depends on geometry of cathode, and hence it may be estimated from the measurement 
of diamond tip geometry using SEM. 
 
Geometrical field enhancement factor approximation of pyramidal diamond tip 
The unsharpened pyramidal diamond tip was approximated as a single conical tip with tip 
height of h1 and tip radius curvature of r1 as illustrated in Figure 6.20(a). From the simple field 
enhancement model described in chapter II, the geometrical field enhancement factor of a 
conical tip is given by: 
βg, unsharpened =
1
1
r
h  (6.3) 
Using h1 ≈ 2.5 µm obtained from the low magnification SEM micrograph (Figure 6.3) 
and r1 ≈ 25 nm obtained from the high magnification SEM micrograph of the tip apex as 
illustrated in Figure 6.20(b), βg, unsharpened ≈ 100 was acquired. Primarily, the simple field 
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enhancement model were used because from the SEM pictures of all pyramidal microtips, the 
surface of pyramidal microtip is smooth, thus the simple field enhancement model should be 
valid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.20.  (a) the model of an unsharpened diamond tip and (b) high magnification SEM 
micrograph of an unsharpened diamond tip focused at the tip apex. 
 
Based on this βg, unsharpened value, the work function Φ was obtained from the slope of the 
F-N plot. Theoretically, A can be determined from F-N intercept since both field enhancement 
factor and work function values are known. However, the emitting areas is not meaningful for 
the comparison of the results because the exact number of tips that participated in the field 
emission process can not be determined in the experimental setup. Thus, the calculation of 
emitting area is omitted. Table 6.1 shows the results obtained for diamond tips with different sp2 
h1 
r1 
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contents and different treatments. It is important to note that the work function based on constant 
β value is for primary comparison purpose. This assumption may be changed based on the 
subsequent discussion. 
 
Table 6.1. Calculated results from Fowler-Nordhiem plots based on simple field enhancement 
model. 
 
Treatment Doping sp2 content F-N slope Φ(eV) β 
 no no -651.08 2.13 100 
Before no trace -268.53 1.18 100 
VTE no low -114.04 0.67 100 
treatment p trace -685.72 2.20 100 
 p low -35.04 0.30 100 
 no no -328.14 1.35 100 
After no trace -127.79 0.72 100 
VTE no low -58.21 0.43 100 
treatment p trace -44.07 0.35 100 
 p low -6.10 0.09 100 
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Discussion of the effect of sp2/sp3 composition 
The detail discussion on the effect of sp2 content on diamond field emission is separated 
into the following four cases. 
 
The effect of sp2 content on undoped diamond tips before VTE treatment 
The effect of sp2 content on the I-E and F-N plots of undoped diamond tips before VTE 
treatment are shown in Figures 6.21-6.22. From Figure 6.21, it can be seen that the turn-on 
electric field of diamond tips tends to reduce as sp2 content increases. The turn-on electric field 
is defined as the electric field at which a threshold emission current of ~10 nA is obtained. The 
turn-on electric field of no, trace, and low sp2 content diamond tips are approximately 67, 30, 
and 12 V/ µm, respectively. From Figure 6.22, it can be seen that the slope of F-N plots also 
tends to be shallower as sp2 content increases. Figure 6.23(a) and Figure 6.24(a) show the effect 
of sp2 content on the F-N slope ratio and work function ratio of undoped diamond tips (from 
Table 6.1) using undoped no sp2 content diamond tip as a reference. From these figures, it can 
be seen that the F-N slope ratio and work function ratio of diamond tips tend to reduce as sp2 
content increases. F-N slope ratio and work function ratio of diamond tips will be further 
discussed and analyzed in the subsequent theoretical discussion. 
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Figure 6.21. The effect of sp2 content on I-E plot of undoped diamond tips before VTE 
treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.22. The effect of sp2 content on F-N plot of undoped diamond tips before VTE 
treatment. 
E (V/µm) 
I (
µA
) 
1/E (µm/V) 
Ln
(I
/E
2 )
 low sp
2 
trace sp2 no sp2 
 116
 
Figure 6.23. The effect of sp2 content on the F-N slope ratio of diamond tips for the same 
doping and same treatment. 
a) The effect of sp2 content on 
undoped diamond tips before  
V-T-E treatment. 
b) The effect of sp2 content on 
undoped diamond tips after 
V-T-E treatment. 
c) The effect of sp2 content on p-
type diamond tips before  
V-T-E treatment. 
d) The effect of sp2 content on p-
type diamond tips after 
V-T-E treatment. 
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Figure 6.24. The effect of sp2 content on the Φ ratio of diamond tips for the same doping and 
same treatment. 
a) The effect of sp2 content on 
undoped diamond tips before  
V-T-E treatment. 
b) The effect of sp2 content on 
undoped diamond tips after 
V-T-E treatment. 
c) The effect of sp2 content on p-
type diamond tips before  
V-T-E treatment. 
d) The effect of sp2 content on p-
type diamond tips after 
V-T-E treatment. 
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The effect of sp2 content on undoped diamond tips after VTE treatment 
The effect of sp2 content on the I-E and F-N plots of undoped diamond tips after VTE 
treatment are shown in Figures 6.25-6.26. From Figure 6.25, it can be seen that the turn-on 
electric field of the diamond tips tends to reduce as sp2 content increases. The turn-on electric 
field of no, trace, and low sp2 content diamond tips are approximately 40, 17, and 4 V/µm, 
respectively. From Figure 6.26, it can be seen that the slope of F-N plots also tends to be 
shallower as sp2 content increases. Figure 6.23(b) and Figure 6.24(b) show the effect of sp2 
content on the F-N slope ratio and work function ratio of undoped diamond tips using undoped 
no sp2 content diamond tip as a reference. From these figures, it can be seen that the F-N slope 
ratio and work function ratio of diamond tips tend to reduce as sp2 content increases. 
It is interesting to note that the F-N slope ratio and work function ratio of diamond tips as 
a function of sp2 content before and after VTE treatment remain almost the same. This suggests 
that the F-N slope ratio and work function ratio of diamond tips have correlation with sp2 content 
independent of VTE treatment. This interesting result will be further discussed in the theoretical 
discussion of the effect of sp2 content on diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.25. The effect of sp2 content on I-E plot of undoped diamond tips after VTE treatment. 
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Figure 6.26. The effect of sp2 content on F-N plot of undoped diamond tips after VTE treatment. 
 
The effect of sp2 content on p-type diamond tips before VTE treatment 
The effect of sp2 content on the I-E and F-N plots of p-type diamond tips before VTE 
treatment are shown in Figures 6.27-6.28. From Figure 6.27, it is obvious that the turn-on 
electric field of the diamond tips reduces as sp2 content increases. The turn-on electric field of 
trace and low sp2 content diamond tips are approximately 53 and 7 V/µm, respectively. From 
Figure 6.28, it can be seen again that the slope of F-N plots is shallower as sp2 content increases. 
Figure 6.23(c) and Figure 6.24(c) show the effect of sp2 content on the F-N slope ratio and work 
function ratio of p-type diamond tips using p-type trace sp2 content diamond tip as a reference. 
From these figures, it can be seen that the F-N slope ratio and work function ratio of diamond 
tips reduce as sp2 content increases. 
It is interesting to observe that the F-N slope ratio and work function ratio of low to trace 
sp2 content p-type diamond tip are much lower compare to those for undoped diamond tip. This 
suggests that p-type doping has some secondary effects so that the role of sp2 content in undoped 
and p-type diamond are different. This interesting result will be further discussed in the 
theoretical discussion of the effect of doping on diamond tips. 
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Figure 6.27. The effect of sp2 content on I-E plot of p-type diamond tips before VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.28. The effect of sp2 content on F-N plot of p-type diamond tips before VTE treatment. 
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The effect of sp2 content on p-type diamond tips after VTE treatment 
The effect of sp2 content on the I-E and F-N plots of p-type diamond tips before VTE 
treatment are shown in Figures 6.29-6.30. From Figure 6.29, it is obvious that the turn-on 
electric field of the diamond tips reduces as sp2 content increases. The turn-on electric field of 
trace and low sp2 content diamond tips are approximately 6 and 1 V/µm, respectively. From 
Figure 6.30, it can be seen again that the slope of F-N plots is shallower as sp2 content increases. 
Figure 6.23(d) and Figure 6.24(d) show the effect of sp2 content on F-N slope ratio and the 
work function ratio of p-type diamond tips using p-type trace sp2 content diamond tip as a 
reference. From these figures, it can be seen that the F-N slope ratio and work function ratio of 
diamond tips reduce as sp2 content increases.  
It is interesting to see that the F-N slope ratio and work function ratio of low sp2 content 
diamond tips before and after VTE treatment are very different. This suggests that the F-N slope 
ratio and work function ratio have correlation with sp2 content that depend on VTE treatment for 
p-type diamond tips, which is in contrast to undoped diamond tips. This interesting result will be 
further discussed in the theoretical discussion of the effect of sp2 content on diamond tips.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.29. The effect of sp2 content on I-E plot of p-type diamond tips after VTE treatment. 
E (V/µm) 
I (
µA
) 
 122
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.30. The effect of sp2 content on F-N plot of p-type diamond tips after VTE treatment. 
 
Modeling of the effect of sp2/sp3 composition on diamond field emission 
From the overall results, it can be primarily concluded that the turn-on electric field of 
the undoped diamond tips tends to reduce as sp2 (graphitic) content increases. These results are 
in agreement with other researches on diamond coated tip or planar diamond film [85-88, 94-95]. 
According to the experimental results, we have proposed two hypotheses to explain how sp2 
content improves field emission of diamond tip. 
 
The first hypothesis: Defect-induced band due to sp2 content 
The first hypothesis proposes that the enhanced field emission may originate from the 
defect-induced energy band(s) formed within the energy gap of the diamond bulk [85-88] as 
previously described in Figure 3.9. A series of defect-induced bands is assumed to form 
throughout the energy gap due to the presence of structural defects created by the embedded 
carbon particles or sp2 nano-crystallites. If these defect bands are wide enough or closely spaced, 
electron hoping within the band(s) or excitation from the valence band could easily provide a 
steady flow of electrons to the surface to sustain stable emission of electron in vacuum under low 
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applied electric field. The formation of defect bands moves the Fermi level toward the 
conduction band, thereby reduces the work function, and enhances electron emission. Therefore, 
this hypothesis is a lowering of work function model. Since diamond has small electron affinity 
[56], it may be assumed that Ec coincides with Evac. Thus, the relative Fermi level due to defect-
induced band of different sp2 contents can be shown in the energy band of diamond, Figure 6.31. 
It should be noted that the energy bands are not drawn to scale and the Fermi level denoted 
corresponding to the calculated work function values. The detail of defect-induced band is 
omitted for clarity. From the energy band diagram, these work function values seem to be 
unreasonably low. Thus, this model is highly improbable. 
Moreover, the calculated work function ratios in terms of sp2 content for undoped 
diamond tips remain the same after VTE treatment. In order to correlate this experimental result 
with the hypothesis, let’s consider the energy band diagram of diamond tip before VTE and after 
VTE treatment as shown in Figure 6.32. In the energy band diagram, it is assumed that VTE 
treatment causes a change in surface band bending due to the change in surface states at the 
diamond-vacuum interface. Thus, the effective work function of low and no sp2 content diamond 
tips change from ΦH1, ΦL1 (as shown in Figure 6.32(a)) to ΦH2, ΦL2 (as shown in Figure 
6.32(b)). From the diagram, it can be seen that the work function difference between the 
different sp2 contents should not be affected by VTE treatment, i.e., ∆Φ1= ΦL1 -ΦH1 = ∆Φ2 = ΦL2 
-ΦH2, which is not true from the calculated results. In addition, the work function ratio in terms 
of sp2 content diamond tips should depend on VTE treatment, since it can be shown that if 
∆Φ1=∆Φ2, then the work function ratio ΦH1/ΦL1 = ΦH2/ΦL2 only if ΦL1 =ΦL2 and ΦH1 = ΦH2, 
which means that the work function does not change due VTE treatment. This reassures 
disagreement with the experimental results. Therefore, it is clear that this hypothesis fails to 
explain the experimental result that the work function ratios for undoped diamond tip remain the 
same after VTE treatment. 
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Figure 6.31. Fermi level relative to conduction band and vacuum level of diamond tips based on 
defect induced band model (a) before VTE treatment, and (b) after VTE treatment. 
Note: The Fermi levels obtained are unreasonable, see discussion in the text. 
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Figu
re 6.32. Energy band diagram of diamond tip with two different sp2 contents. (a) Before VTE 
treatment. (b) After VTE treatment. 
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The second hypothesis: Cascaded MIM microstructures formed by sp2 nano-particles 
 
The second hypothesis proposes that isolated conducting sp2 nano-particles in the 
diamond film form a series of cascaded MIM microstructures, which enhance the electric field 
inside diamond film and thereby increases the field enhancement factor. This model is derived 
from the hot electron emission model, which has been proposed to explain field emission from 
MIM microstructures [153-154]. 
The application of hot electron emission model to the diamond tips needs a major 
modification because the original model treats sp2 content [154] as a floating conducting particle 
at the vacuum interface, whereas in our case the sp2 content is considered as embedded 
conducting particles in the insulating diamond. The energy band diagram of diamond film that 
we proposed is based on the hot electron diffraction model with an embedded sp2 state as 
illustrated in Figure 6.33. In this energy band diagram, it is assumed that the energy band 
diagram of diamond has a small electron affinity. 
The energy band diagram of the undoped diamond emitter system, with no sp2 
conducting particles in the diamond under applied electric field is shown in Figure 6.33(a). 
From electrostatic calculation, voltage drop across diamond under a moderate applied electric 
field is sufficient to bend down the conduction band of diamond as illustrated. This allows 
electrons to tunnel into conduction band of diamond. However, electric field in diamond is small 
compared to vacuum field because Ed ≈ E0/Ks ≈ 0.17E0, where Ed, E0, and Ks are electric field in 
diamond, electric field in vacuum, and diamond dielectric constant, respectively. As a result, the 
electron tunneling distance, W, is very wide. This leads to a very small electron tunneling 
probability and low electron emission current. 
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Figure 6.33. Energy band diagram for MIM microstructure model. (a) The energy band without 
a conducting particle. (b) The energy band with a conducting particle. 
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should be reasonable because the conductivity of graphite is very high. From electrostatic 
principle, sp2 conducting particles would introduce a potential between the sp2 conducting 
particle and the metal contact, ∆V’≅(1/Ks)(∆d’/d)V, (where V is the anode-cathode voltage, d is 
the cathode-anode separation, ∆d’ is the separation between the floating conducting particle and 
the metal-diamond interface (where ∆d’<<d), and Ks is diamond dielectric constant). 
Furthermore, the image effect at the diamond-sp2 interface causes band bending in the 
conduction band of diamond as illustrated in Figure 6.33(b). Thus, the electric field in the metal-
diamond-sp2 region is enhanced by the MIM structure. The enhanced electric field decreases the 
width of tunneling distance, W’, at the metal-diamond interface significantly, and thereby 
increases the electrons tunneling probability from metal into the conduction band of diamond. 
The electrons in the conduction band of diamond are then accelerated toward the next floating 
sp2 particle under the induced electric field. Thus, the sp2 particles would enhance diamond field 
emission.  
At the floating sp2 particle, it is assumed that electrons will undergo coherent scattering 
process by the electron diffraction [154-155]. In this case, electrons undergo a coherent 
scattering inside sp2 particle embedded in the insulating diamond and surmount the barrier 
between the sp2 metallic level and the conduction band of diamond. In order to apply the 
electron diffraction model, the embedded sp2 particle should have configuration similar to a 
pinhole of a metallic film so that it can provide a favorable configuration allowing electrons to 
be diffracted and tunnel through the potential well under relatively low field. In this case, the 
edges of sp2 nano-crystallite may be treated as the edge of pinholes where electrons can tunnel 
through. As a result, the conduction channel will be formed preferentially in this region when 
electric field is applied to the structure. A portion of electrons that can tunnel through the 
successive sp2-sp3 (graphite-diamond) potential barrier will be accelerated toward the vacuum 
interface. Furthermore, for diamond, the low electron affinity at diamond-vacuum interface 
promotes the emission of electrons from the conduction channel because of small potential 
barrier at the vacuum interface. Therefore, the electron emission at low electric field is feasible. 
In Figure 6.33(b), only single sp2 conducting particle has been shown for simplicity, 
however in the real diamond film there are a lot of such conducting particles. However, the 
concept of emission mechanism is essentially the same as the discussion of a sp2 conducting 
particle. The modification can be extended by the use of cascading effects of conducting 
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particles as illustrated in Figure 6.34. In this figure, the diamond regime is enlarged for 
illustrating purpose. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.34. Energy band diagram for cascaded MIM microstructure model illustrates how a 
series of floating conducting particles embedded in a dielectric medium can cooperate in 
formation of an electron conduction channel. 
 
Based on this hypothesis, the embedded sp2 conducting particles do not affect the work 
function of diamond film. Therefore, it may be assumed that the work functions of diamond tip 
with different sp2 contents remain the same, but with different field enhancement factors. The 
effect of electric field enhancement due to sp2 particles may be accounted into Fowler-Nordhiem 
equation by a new field enhancement component, βsp2. Therefore, the previous calculated work 
function and field enhancement factor based on constant β need to be revised. 
As described below, a new field enhancement component, βsp2, due to the effect of the 
cascaded sp2–diamond-sp2 microstructures can be included in the total field enhancement factor, 
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β, of the F-N equation. It is assumed that for the no sp2 content diamond tips, the effect of the 
cascaded MIM microstructures is negligible. Thus, there is no βsp2 contribution to the total β. 
Hence, βsp2 =1 for diamond tips contain no sp2 content. For the same token, an additional field 
enhancement component due to the effect of VTE treatment, βt, is introduced into the total field 
enhancement factor, β. Likewise, it is assumed that βt = 1 prior to VTE treatment. The detail 
discussion of VTE treatment will be presented later. Therefore, the total field enhancement 
factor can be expressed in terms of the product of each of field enhancement component as 
β = βg βsp2 βt (6.4) 
where βg is the field enhancement component due to the tips’ geometry (βg = h/r = 100 in 
our case).  
Based on these assumptions, the work function for no sp2 content diamond tip before 
VTE treatment was used to obtain the new field enhancement factors for diamond tips with 
various sp2 contents. The calculated results are shown in Table 6.2. Figure 6.35 shows the effect 
of sp2 content on the field enhancement component, βsp2, (from Table 6.2) of diamond tips for 
the same doping and the same treatment. 
According to this hypothesis, the field enhancement component, βsp2, due to the effect of 
sp2 content should be the same for diamond tips with the same sp2 content because the same sp2 
content should result in the same field enhancement factor. From Table 6.2 and Figure 6.35, βsp2 
of the undoped diamond tips before and after VTE treatment remains the same. This means that 
βsp2 does not depend on VTE treatment and depends only on sp2 content. In addition, βsp2 of p-
type diamond tips before VTE treatment are quite the same except the low sp2 case. Therefore, 
this hypothesis provides a reasonable explanation for the observed experimental results that the 
F-N slope ratios are constant independent of VTE treatment. Hence, it can be preliminarily 
concluded that this hypothesis is more likely than the first one. On the other hand, βsp2 is not 
constant for p-type low sp2 diamond tips before and after VTE treatment. This result seems to 
contradict to this hypothesis. However, it is possible that the p-type doping may modified the 
total field enhancement factor in conjunction with sp2 particles, so that βsp2 appeared to be 
different. The detail of the effect of p-type doping will be further discussed in the subsequent 
section. 
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Table 6.2. Calculated results from Fowler-Nordhiem plots based on the field enhancement due 
to cascaded MIM microstructure model 
 
Treatment Doping sp2 content Φ(eV) β βg βt βsp2 
 no no 2.13 100 100 1 1 
no trace 2.13 242.46 100 1 2.42 
no low 2.13 570.91 100 1 5.71 
Before 
VTE 
treatment p trace 3.97 242.46 100 1 2.42 
 p low 3.97 4744.37 100 1 47.44 
no no 2.13 198.41 100 1.98 1 
no trace 2.13 509.49 100 1.98 2.57 
no low 2.13 1118.51 100 1.98 5.64 
p trace 3.97 3772.70 100 14.69 2.57 
After 
VTE 
treatment 
p low 3.97 27255.03 100 14.69 18.55 
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Figure 6.35. The effect of sp2 content on βsp2 of diamond tips for the same doping and same 
treatment. 
a) The effect of sp2 content on 
undoped diamond tips before  
V-T-E treatment. 
b) The effect of sp2 content on 
undoped diamond tips after 
V-T-E treatment. 
c) The effect of sp2 content on p-
type diamond tips before  
V-T-E treatment. 
d) The effect of sp2 content on p-
type diamond tips after 
V-T-E treatment. 
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Discussion of the effect of VTE treatment 
The detail discussion on the effect of VTE treatment is separated into two following main 
cases. 
 
The effect of VTE treatment on undoped diamond tips 
The effect of VTE treatment on I-E and F-N plots of undoped diamond tips with no, 
trace, and low sp2 content are shown in Figures 6.36-6.41. From Figures 6.36, 6.38, and 6.40, it 
is obvious that the turn-on electric field of undoped diamond tips reduces after VTE treatment. 
The turn-on electric field of undoped diamond tips with no sp2 content before and after VTE 
treatment are approximately 67 and 40 V/µm, respectively. The turn-on electric field of undoped 
diamond tips with trace sp2 content before and after VTE treatment are approximately 30 and 17 
V/µm, respectively. The turn-on electric field of undoped diamond tips with low sp2 content 
before and after VTE treatment are approximately 12 and 4 V/µm, respectively. From Figures 
6.37, 6.39 and 6.41, it is clear that the slopes of F-N plots are shallower after VTE treatment. 
Figure 6.42(a-c) and Figure 6.43(a-c) show the effect of treatment on F-N slope ratio and the 
work function ratio of undoped diamond tips with no, trace, and low sp2 content, respectively 
using the corresponding undoped diamond tip before VTE treatment as a reference. It can be 
seen that the F-N slope ratio and work function ratio of diamond tips reduce after VTE treatment. 
It is interesting to notice that the F-N slope ratio and work function ratio of undoped 
diamond tips with no, trace and low sp2 content after VTE treatment remain almost the same. 
This suggests that the F-N slope ratio and work function ratio of diamond tips have correlation 
with VTE treatment independent of the sp2 content of undoped diamond tips. This is the 
converse of the results in the previous discussion. This interesting result will be further discussed 
in the modeling of the effect of treatment on diamond tips. 
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Figure 6.36. The effect of VTE treatment on I-E plot of no sp2 undoped diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.37. The effect of VTE treatment on F-N plot of no sp2 undoped diamond tips. 
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Figure 6.38. The effect of VTE treatment on I-E plot of trace sp2 undoped diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.39. The effect of VTE treatment on F-N plot of trace sp2 undoped diamond tips. 
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Figure 6.40. The effect of VTE treatment on I-E plot of low sp2 undoped diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.41. The effect of VTE treatment on F-N plot of low sp2 undoped diamond tips. 
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Figure 6.42. The effect of treatment on the F-N slope ratio of diamond tip for the same sp2 
content and same doping. 
a) The effect of treatment on undoped 
no sp2 content diamond tips. 
b) The effect of treatment on undoped 
trace sp2 content diamond tips. 
c) The effect of treatment on undoped 
low sp2 content diamond tips. 
d) The effect of treatment on p-type 
trace sp2 content diamond tips. 
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Figure 6.43. The effect of treatment on the Φ ratio of diamond tip for the same sp2 content and 
same doping. 
a) The effect of treatment on undoped 
no sp2 content diamond tips. 
b) The effect of treatment on undoped 
trace sp2 content diamond tips. 
c) The effect of treatment on undoped 
low sp2 content diamond tips. 
d) The effect of treatment on p-type 
trace sp2 content diamond tips. 
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The effect of VTE treatment on p-type diamond tips 
The effect of VTE treatment on I-E and F-N plots of p-type diamond tips with trace and 
low sp2 content are shown in Figures 6.44-6.47. From Figure 6.44 and Figure 6.46, it is 
obvious that the turn-on electric field of the p-type diamond tips reduces after VTE treatment. 
The turn-on electric field of p-type diamond tips with trace sp2 content before and after VTE 
treatment are approximately 53 and 6 V/µm, respectively. The turn-on electric field of p- type 
diamond tips with low sp2 content before and after VTE treatment are approximately 7 and 1 
V/µm, respectively. From Figure 6.45 and Figure 6.47, it is clear that the slopes of F-N plots are 
significantly shallower after VTE treatment. Figure 6.42(d-e) and Figure 6.43(d-e) show the 
effect of treatment on the F-N slope ratio and work function ratio of p-type diamond tips with 
trace and low sp2 content using the corresponding p-type diamond tip before VTE treatment as a 
reference. It can be seen that the F-N slope ratio and work function ratio of diamond tips reduce 
after VTE treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.44. The effect of VTE treatment on I-E plot of trace sp2 p-type diamond tips. 
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Figure 6.45. The effect of VTE treatment on F-N plot of trace sp2 undoped diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.46. The effect of VTE treatment on I-E plot of low sp2 p-type diamond tips. 
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Figure 6.47. The effect of VTE treatment on F-N plot of low sp2 p-type diamond tips. 
 
It is interesting that the F-N slope ratio and the work function ratio of p-type diamond 
tips with trace and low sp2 content after VTE treatment do not remain the same. This suggests 
that the F-N slope ratio and work function ratio have correlation with VTE treatment that 
depends on the sp2 content of p-type diamond. This interesting result will be further discussed in 
the modeling of the effect of treatment on diamond tips.  
 
Modeling on the effect of VTE treatment on diamond tips 
From the overall results, it can be concluded primarily that the turn-on electric field of 
the diamond tips reduces after VTE treatment in all cases. In addition, it should be noted that the 
stability of the field emission characteristic is also improved after this treatment. According to 
the experimental results, we propose two hypotheses to explain how VTE treatment improves the 
field emission characteristics. 
 
The first hypothesis: the reduction of work function due to impurity desorption 
The first hypothesis proposes that VTE treatment reduces the surface work function due 
to impurity desorption. In vacuum-thermal-electric treatment, the cathode is heated while the tips 
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are under electric field stress. The emission under heat and electric field results in surface 
cleaning process. The surface cleaning helps to improve field emission enhancement and 
stabilizes field emission characteristic of diamond field emitters. During fabrication process, 
adsorption of impurities may occur on the diamond surface. The adsorption of impurity on 
diamond surface increases the surface work function because the additive impurities influence 
the surface potential and electronic surface states. Therefore, the impurities are able to shift and 
populate or depopulate surface states. Consequently, the surface work function is changed due to 
impurity adsorption. 
Even though, diamond is chemically inert, it does not exclude surface adsorption to some 
impurities or gases such as oxygen. It has been known that oxygen adsorption on diamond 
surface results in positive electron affinity due to the effect of C-O or C-O2 bonding on the 
diamond surface. It has been reported [148-149,186], when diamond (100) surfaces were cleaned 
and annealed in ultrahigh vacuum to a high temperature >1050°C, a reduction of oxygen on the 
diamond surface occurred and a lowering of the work function and electron affinity (from 
positive to negative) were observed. For our case, even though VTE treatment was conducted at 
a relatively low temperature (150°C), but the effect of applied electric field and electron 
emission may accelerate the impurity desorption process to occur at low temperature. Therefore, 
the observed field emission enhancement may result from the reduction of surface work function 
due to impurity (e.g., oxygen) desorption. However, according to Figure 6.43, the effect of VTE 
treatment resulted in the work function reduction of more than 40% in all cases, it is unlikely that 
the effect of surface cleaning alone would cause drastic reduction in the surface work function 
because the adsorption problem on diamond surface is not as severe as Si or metal surfaces. 
 
The second hypothesis: the tip deformation due to field forming process. 
The second hypothesis proposes that VTE treatment results in tip deformation due to 
field forming process. The field forming process has been successfully done to provide field 
emission enhancement for metal (i.e., Mo) cathode tips [6]. According to the field forming 
process for a metal cathode, the enhanced emission is achieved by heating the cathode to a high 
temperature (>1000°C) while the tips are under high electric field stress. The tips were found to 
be reformed, due to the field-forming process, into a configuration that increases the electric 
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field locally on the tip surface for a given applied field. As a result, the geometrical field 
enhancement factor β is increased.  
Primarily, it can be seen that the vacuum-thermal-electric treatment process is similar to 
the field forming process. The differences between VTE treatment and field forming process are 
that the applied electric field stress and temperature are low for VTE treatment. However, the 
field forming process concept may be applicable to the VTE treatment because in the VTE 
treatment the moderate electric field was applied for a very long period of time. It is also 
possible that field forming process may occur on diamond tips at a relatively low temperature. 
For our case, a similar observations in VTE treatment as explained in the field forming 
process have been observed: (i) while under VTE treatment, the emission current of the diamond 
tips increases and shifts toward a lower operating voltage and (ii) upon completion of VTE 
treatment and the cathode cooled to room temperature, the diamond tips retained the low voltage 
performance. Therefore, it is likely that the effect of VTE treatment on field enhancement may 
be explained by the similar way as the field forming process in the metal cathode and it may be 
the major contribution to the observed field enhancement. In order to verify this hypothesis, 
further morphology and physical characterization of the diamond tips after VTE treatment 
should to be conducted. 
Based on this hypothesis, the work function for all diamond tips remains the same and 
the field enhancement factor is improved due to the change in the tip geometry. The effect of the 
enhanced electric field due to the tip deformation may be accounted into Fowler-Nordhiem 
equation by an additional field enhancement factor due to VTE treatment βt, which has been 
introduced in eq. (6.5). Therefore, the previous calculated work functions and field enhancement 
factors, in Table 6.2 based on constant β, need to be revised. 
The βt for this discussion is estimated from eq. (6.5) using slightly different assumption 
from the previous case. As in the previous case, βt is 1 for the diamond tips before VTE 
treatment because there is no treatment. The work function of undoped diamond tips with no sp2 
content before VTE treatment is used as the reference for all undoped diamond tips. Similarly, 
the work function of p-type diamond tips with trace sp2 content before VTE treatment is used as 
the reference for all p-type diamond tips. However, in order to consider the effect of VTE 
treatment only, the field enhancement component βsp2 due to the effect of sp2 content are 
assumed to be the same for the same sp2 content for all treatments and these values are obtained 
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from before VTE treatment cases. Based on this assumption, the new additional field 
enhancement component βt are obtained. The calculated results are shown in Table 6.3. Figure 
6.48 shows the effect of treatment on βt (from Table 6.3) of diamond tips for the same doping 
and the same sp2 content. 
According to this hypothesis, the additional field enhancement factor due to the effect of 
VTE treatment (βt) should be the same for the same treatment because the VTE treatment should 
cause tips deformed in similar manner so that the geometrical field enhancement factor should be 
changed by the same factor. From Table 6.3 and Figure 6.48, βt due to VTE treatment of the 
undoped diamond tips are approximately the same for different sp2 contents. Therefore, it is 
likely that this hypothesis provides a reasonable explanation for the experimental results that the 
F-N slope ratios (F-N slope before VTE treatment/F-N slope after VTE treatment) for all 
undoped diamond tips are constant independent of sp2 content. However, this explanation does 
not agree with the results of p-type diamond tips. The results in Figure 6.48(d)-(e) indicate a 
variation in the F-N slope ratios of p-type diamond tips with trace and low sp2 content. The detail 
of the effect of p-type doping will be further discussed in the modeling of the effect of p-type on 
diamond tips. 
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Table 6.3. Calculated results from Fowler-Nordhiem plots based on the field forming process. 
 
Doping sp2 content Treatment Φ(eV) β βg βt βsp2 
before VTE 2.13 100.00 100 1 1 
no low after VTE 2.13 198.41 100 1.98 1 
before VTE 2.13 242.46 100 1 2.42 
no trace after VTE 2.13 509.49 100 2.10 2.42 
before VTE 2.13 570.91 100 1 5.71 
no low 
after VTE 2.13 1118.51 100 1.96 5.71 
before VTE 3.97 242.46 100 1 2.42 p trace 
after VTE 3.97 3772.70 100 15.56 2.42 
before VTE 3.97 4744.37 100 1 47.44
p low 
after VTE 3.97 27255.0 100 5.74 47.44
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Figure 6.48. The effect of treatment on the βt of diamond tip for the same sp2 content and same 
doping. 
a) The effect of treatment on undoped 
no sp2 content diamond tips. 
b) The effect of treatment on 
undoped trace sp2 content diamond 
c) The effect of treatment on 
undoped low sp2 content diamond 
d) The effect of treatment on p-type 
trace sp2 content diamond tips. 
e) The effect of treatment on p-type 
low sp2 content diamond tips. 
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Discussion of the effect of boron (p-type) doping 
The detail discussion is separated into the following two main cases: 
 
The effect of doping on diamond tips with trace sp2 content  
The effect of doping on I-E and F-N plots of diamond tips with trace sp2 content before 
and after VTE treatment are shown in Figures 6.49-6.52. Figure 6.53 shows the effect of doping 
on the F-N slope ratios of diamond tips (from Table 6.1) for the same sp2 content and the same 
treatment. Figure 6.54 shows the effect of doping on the work function ratios of diamond tips 
(from Table 6.1) for the same treatment and the same sp2 content. From Figure 6.49, it can be 
seen that the turn-on electric field of diamond tips with trace sp2 content before VTE treatment 
increases with p-type doping. The turn-on electric field of undoped and p-type diamond tips with 
trace sp2 content are approximately 40 and 60 V/ µm, respectively. From Figure 6.50, it can be 
seen that the slope of F-N plots tends to be steeper with p-type doping. Figure 6.53(a) and 
Figure 6.54(a) show the effect of doping on the F-N slope ratio and work function ratio of 
diamond tips with trace sp2 content using undoped diamond tip with trace sp2 content before 
VTE treatment as a reference. From these figures, it can be seen again that the F-N slope ratio 
and work function ratio of diamond tips increase with p-type doping. 
On the other hand, it can be seen from Figure 6.51 that the turn-on electric field of 
diamond tips with trace sp2 content after VTE treatment decreases with p-type doping. The turn-
on electric field of undoped and p-type diamond tips with trace sp2 content are approximately 17 
and 10 V/ µm, respectively. From Figure 6.52, it can be seen that the slope of F-N plots tends to 
be shallower with p-type doping. Figure 6.53(b) and Figure 6.54(b) show the effect of doping 
on the F-N slope ratio and work function ratio of diamond tips with trace sp2 content using 
undoped diamond tip with trace sp2 content after VTE treatment as a reference. From these 
figures, it can be seen that the F-N slope ratio and work function ratio of diamond tip decrease 
with p-type doping. It is interesting that this result shows a strong contradiction to the previous 
case. This interesting result will be further discussed in the modeling of the effect of doping on 
diamond tips. 
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Figure 6.49. The effect of doping on I-E plot of trace sp2 diamond tips before VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.50. The effect of doping on F-N plot of trace sp2 diamond tips before VTE treatment. 
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Figure 6.51. The effect of doping on I-E plot of trace sp2 diamond tips after VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.52. The effect of doping on F-N plot of trace sp2 diamond tips after VTE treatment. 
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Figure 6.53. The effect of doping on the F-N slope ratio of diamond tips for the same sp2 
content and same treatment. 
a) The effect of doping on trace 
sp2 content diamond tips before  
V-T-E treatment. 
b) The effect of doping on trace 
sp2 content diamond tips after 
V-T-E treatment. 
c) The effect of doping on low sp2
content diamond tips before  
V-T-E treatment. 
d) The effect of doping on low 
sp2 content diamond tips after 
V-T-E treatment. 
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Figure 6.54. The effect of doping on Φ ratio of diamond tips for the same sp2 content and same 
treatment. 
 
The effect of doping on diamond tips with low sp2 content  
The effect of doping on I-E and F-N plots of diamond tips with low sp2 content before 
and after VTE treatment are shown in Figures 6.55-6.58. From Figure 6.55, it can be seen that 
the turn-on electric field of the low sp2 content diamond tips before VTE treatment decreases 
with p-type doping. The turn-on electric field of the undoped and p-type diamond tips with low 
sp2 content are approximately 12 and 7 V/ µm, respectively.  From Figure 6.56, it can be seen 
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that the slope of F-N plot tends to be shallower with p-type doping. Figure 6.53(c) and Figure 
6.54(c) show the effect of doping on F-N slope ratio and the work function ratio of diamond tips 
with low sp2 content using undoped diamond tip with low sp2 content before VTE treatment as a 
reference. From these figures, it can be seen that the F-N slope ratio and work function ratio of 
diamond tips decrease with p-type doping. It is interesting that this result shows a strong 
contradiction to the diamond tips with trace sp2 content. This interesting result will be further 
discussed in the modeling of the effect of doping on diamond tips.  
From Figure 6.57, it can also be seen that the turn-on electric field of diamond tips with 
low sp2 content after VTE treatment decreases with p-type doping. The turn-on electric fields of 
the undoped and p-type diamond tips with low sp2 content are approximately 4 and 1 V/ µm, 
respectively. From Figure 6.58, it can be seen that the slope of F-N plots tends to be shallower 
with p-type doping. Figure 6.53(d) and Figure 6.54(d) show the effect of doping on the F-N 
slope ratio and work function ratio of diamond tips with low sp2 content using undoped diamond 
tip with low sp2 content after VTE treatment as a reference. From these figures, it can be seen 
that the F-N slope ratio and work function ratio of diamond tips decrease significantly with p-
type doping. 
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Figure 6.55. The effect of doping on I-E plot of low sp2 diamond tips before VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.56. The effect of doping on F-N plot of low sp2 diamond tips before VTE treatment. 
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Figure 6.57. The effect of doping on I-E plot of low sp2 diamond tips after VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.58. The effect of doping on F-N plot of low sp2 diamond tips after VTE treatment. 
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Modeling of the effect of p-type doping on diamond tips 
From the overall results, p-type doping shows an inconsistent effect on field emission 
characteristics of diamond tips. For the p-type diamond tip with trace sp2 content before VTE 
treatment, the turn-on electric field increases with p-type doping. This result is in agreement with 
the conventional theory based on energy band diagram. P-type doping lowers the Fermi-level of 
the bulk and hence increases the work function. On the other hand, for the p-type low sp2 
content, the turn-on electric field decreases with p-type doping. This result contradicts to the 
conventional theory based on energy band diagram.  
To explain this contradiction, we have proposed that emission enhancement is due to hole 
accumulation in MIM (sp2-diamond sp2) microstructure of the diamond tips. The concept of this 
model was expanded from the MIM model previously developed and is related to hole 
accumulation in valence band in this structure [156] that enhances internal electric field and 
hence improved in electron emission in this structure. Figure 6.59 demonstrates the concept of 
this model on diamond tip. It should be noted that the metal and boron-doped diamond forms an 
ohmic contact for holes, not a Schottky contact as one might expect and the barrier height at the 
contact (Φb) indicated in the diagram is the barrier height for electrons. The ohmic contact was 
obtained because gold with work function of ∼5.1 eV was used for back contact. The ohmic 
Au/p-diamond interface was confirmed by conductivity measurement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 156
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.59. Energy band diagram of holes accumulation model (a) Energy band without a sp2 
conducting particle. (b) Energy band with a sp2 conducting particle. 
 
Without a sp2 conducting particle (Figure 6.59 (a)), the electric field inside diamond film 
is small. Thus, it is not enough to accelerate holes toward metal-diamond interface. Holes in 
valence band are distributed throughout the neutral region in diamond and do not contribute any 
effect on field emission. Thus, holes do not contribute any enhanced effect on field emission, but 
do result in increasing the effective work function and hence degrade electron field emission. 
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With a sp2 conducting particle (Figure 6.59 (b)), the enhanced electric field between 
particles and the metal contact accelerates most of holes toward the metal-diamond interface. 
According to elementary electrostatics, the accumulation of holes at the metal-diamond interface 
further increases the electric field at the junction. The enhanced electric field causes more band 
bending of the conduction band, thereby reduces the width of tunneling distance W” (<<W). 
Therefore, electron tunneling into the diamond is increased and the field emission is enhanced 
due to boron dopants in the cascaded MIM microstructures. This may be the reason why the p-
type low sp2 content diamond tips show a better field emission enhancement than that of 
undoped low sp2 content diamond tips.  
According to this assumption, p-typed doping leads to field emission enhancement that 
depends on sp2 content. For no sp2 content, p-type dopant does not play any role for field 
emission enhancement, but it results in higher work function and degrade field emission 
behavior. On the other hand, for low sp2 content, p-type dopant plays an important role for field 
emission enhancement because of the cascading enhancement process through the floating sp2 
particle. 
After VTE treatment, the turn-on electric field decreases with p-type doping for both 
trace and low sp2 content diamond tips. A possible mechanism for the field emission 
enhancement by boron after VTE treatment is proposed. At room temperature, boron may be 
partially ionized because boron is a deep acceptor. During VTE treatment, the acceptor state is 
completely ionized due to thermal energy. Thus, more holes are generated in the valence band. 
According to hot electron model, the presence of holes leads to field emission enhancement via 
the accumulation of holes at metal-sp2-diamond interface. Therefore, the electric field inside the 
diamond film particularly at the tip region is enhanced significantly. Thus, the field forming 
process is accelerated and improved. This may be the reason why the VTE treatment for p-type 
diamond tips produces a better field emission behavior than undoped diamond tips.  
The effect of field emission enhancement by p-type dopant due to hole accumulation at 
sp2-diamond sp2 interface can be accounted for in Fowler-Norheim equation by introducing an 
additional field enhancement component, βp, to the total field enhancement factor, β. Thus, β in 
eq. (6.4) becomes: 
β = βgβsp2βtβp (6.5) 
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Hence, the previously calculated work function and field enhancement factor based on 
constant work function Φ and β using eq. (6.4) need to be revised. The calculated field 
enhancement factor due to p-type doping βp is based on constant βsp2 and βt for diamond tip with 
the same sp2 content and treatment. Based on constant βsp2 and βt, Φ of p-type diamond tips 
would be different from that of undoped diamond tips. Φ of p-type diamond tips was estimated 
to be ~4 eV. The revised Φ of p-type diamond tips is reasonable and in agreement with a typical 
work function of p-type diamond [147]. The calculated results based on this model are shown in 
Table 6.4. Figure 6.60 shows the effect of p-type doping on βp (from Table 6.4) for the same 
treatment and the same sp2 content. From Table 6.4 and Figure 6.60, it can be seen that βp 
depends on doping and sp2 content. For p-type diamond tips, βp of diamond tips with low sp2 
content is higher than that of diamond tips with trace sp2 content. This result agrees with the 
hypothesis that the effect of p-type dopant on field emission enhancement depends on sp2 
content.  
 
Table 6.4. Calculated results from Fowler-Nordhiem plots based on field enhancement due to 
hole accumulation and the associated field forming process. 
 
Treatment sp2 Content Doping Φ(eV) β βg βt βsp2 βp 
before VTE no 2.13 242.5 100 1 2.42 1 
treatment 
trace 
p 3.97 242.5 100 1 2.42 1 
after VTE no 2.13 509.5 100 1.98 2.57 1 
treatment 
trace 
p 3.97 3772.7 100 1.98 2.57 7.4 
before VTE no 2.13 570.9 100 1 5.71 1 
treatment 
low 
p 3.97 4744.4 100 1 5.71 8.3 
after VTE no 2.13 1118.5 100 1.98 5.64 1 
treatment 
low 
p 3.97 27255 100 1.98 5.64 24.4 
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Figure 6.60. The effect of doping on βp of diamond tips for the same sp2 content and same 
treatment. 
 
Discussion on the effect of tip sharpening  
The I-E plots of unsharpened and sharpened undoped diamond tips with low sp2 contents 
after VTE treatment are shown in Figure 6.61. It can be seen that the turn-on electric field 
reduces from 14 V/µm to 1 V/µm, and the emission current is significantly increased with tip 
sharpening. The corresponding F-N plots of the emission data are shown in Figure 6.62. It can 
a) The effect of doping on trace 
sp2 content diamond tips before  
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sp2 content diamond tips after 
V-T-E treatment. 
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content diamond tips before  
V-T-E treatment. 
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be seen that the F-N slope reduce significantly due to tip sharpening. The experimental results 
demonstrate that turn-on electric field can be significantly reduced by tip sharpening.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.61. I-E plots of unsharpened and sharpened undoped diamond tips with low sp2 
contents after VTE treatment. 
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Figure 6.62. F-N plots of unsharpened and sharpened undoped diamond tips with low sp2 
contents after VTE treatment. 
 
Modeling on the effect of tip sharpening 
The observed field emission enhancement by tip sharpening can be explained by the 
increasing of geometrical field enhancement factor of diamond tips due to tip sharpening. This 
can be deduced from the observation that the F-N slope decreases significantly with tip 
sharpening. The reduction of F-N slope should mainly arise from the geometric effect because 
both diamond tip has the same sp2 content, doping, and VTE treatment and thus should have the 
same Φ, βsp2, βt and βp. Assuming that Φ, βsp2, βt and βp are the same for both diamond tips, βg 
can be found from the F-N slopes of emission data. It was found that 
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where βg, sharpened and βg, unsharpened are the geometrical field enhancement components for 
the sharpened and unsharpened diamond tips, respectively. This means that the geometrical field 
enhancement component increases by the factor of 37 due to the tip sharpening by the self-align-
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gate-sharpened molding technique. Given βg, unsharpened = 100 from previous analysis, βg, sharpened ≈ 
3700. This high field enhancement factor value confirms that tip sharpening is an effective mean 
to enhance electron emission from diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.63.  (a) the model of an sharpened diamond tip and (b) high magnification SEM 
micrograph of a sharpened diamond tip focused at the tip apex. 
 
Alternatively, the field enhancement factor of the sharpened diamond tip can be 
estimated using two-step field emission enhancement model (TSFE) described in chapter II. In 
this model [68], the sharpened diamond tip is modeled as a large conical tip with tip height of h1 
and tip radius curvature of r1 superimposed with a sharp tiny conical tip with tip height of h2 and 
tip radius curvature of r2 illustrated in Figure 6.63(a). In other words, the electric field at the 
sharpened tip apex arises from two-cascaded tip structure. In the first step, the electric field at 
the apex of large conical tip is enhanced by the factor of h1/r1 from the planar base. In the second 
(a)
h2 
h1 
r2 
r1 
(b) 
r2 = 5nm 
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step, the electric field at the apex of the sharp tiny conical tip is enhanced by the factor of h2/r2 
from the apex of large conical tip.  Thus, the total geometrical field enhancement factor of the 
sharpened tip is the product of field enhancement factor of two cascaded tip structure:  
βg, sharpened = 











2
2
1
1
r
h
r
h  (6.6) 
using h1 ≈ 3.4 µm as obtained from the low magnification SEM micrograph (Figure 6.3), 
r1 ≈ 25 nm, h2 ≈ 180 nm, and r2 ≈ 5 nm as obtained from the high magnification SEM 
micrograph, Figure 6.63(b), the calculated βg, sharpened is 3060. From the above result, 
dunsharpeneg
sharpenedg
 ,
 ,
β
β
= 30.6 , which is in good agreement with the result obtained from F-N analysis. 
 
Part II: Monolithic diamond vacuum diode 
 
Design and fabrication issues of monolithic diamond vacuum diode 
Fabrication of monolithic diamond vacuum diode is considerably more complicated than 
stand-alone diamond microtips. There are four main issues involving design and fabrication of 
monolithic diamond vacuum diode by molding technique: 1) the practicality of the fabrication 
process for diamond emitter with built-in anode, 2) the quality of anode-cathode dielectric 
spacer, 3) small anode-cathode spacing for low operating voltage, and 4) uniform-planarity of 
anode-cathode structure over large area. To achieve these goals, five fabrication methods: 
electrostatic bonding, self-align volcano anode, and self-align-anode molding (utilizing standard, 
epitaxial, and SOI wafers) have been developed for the fabrication of monolithic diamond field 
emission diode structures.  
 
Discussion of fabrication methods developed for monolithic diamond vacuum diode 
 
I. Electrostatic bonding method 
This method, described in chapter V, was used to fabricate a capped diamond emitter 
diode. However, there were some deficiencies and practical problems encountered. First, it was 
difficult to align a cap anode perfectly coplanar to cathode arrays. A small coplanar 
misalignment would result in anode-cathode touching. Second, it was also difficult to achieve 
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micron-scale anode-cathode spacing because of co-planarity problem. Last, the capped diode 
structure could only be used for diode application only. Most practical applications require a 
three-terminal triode configuration. 
II. Self-align volcano anode method 
Volcano diode structure with self-aligned anode, described in chapter V, was fabricated. 
This fabrication method was complicated and inefficient because it required many fabrication 
steps. In addition, the poor quality of deposited SiO2 dielectric spacer resulted in high leakage 
current and degraded the diode performances.  
III. Self-align-anode-molding method utilizing standard silicon wafer 
As described in chapter V, this method is practical and efficient because it requires few 
processing steps. Moreover, the anode is self-align to the cathode, and it utilizes part of the mold 
for the fabrication of anode and anode-cathode dielectric. However, some practical problems 
were encountered after the implementation of this technique. Anode-cathode spacing (anode 
opening and height) was difficult to control. The anode etching process needed to be very closely 
monitored in order to successfully etch-stop at a suitable silicon thickness. The etching time was 
much dependent on the wafer thickness, etching temperature, and concentration of etchants. 
Hence, it was difficult to control the process. In addition, uniform diode array over large area 
could not be accomplished by this technique because of imperfect anisotropic etching properties 
of EDP or KOH etchants. The largest array with good uniformity that we had achieved from this 
method was a diamond diode structure with 8x8 tips. We have found that the silicon anode layer 
was reduced to a very small island with non-uniform thickness when silicon layer was thinned 
down to exposed diamond tips. A small island of silicon anode was formed because the etchant 
etched faster on the edges of the window than the center region. Figure 6.64 shows the failure of 
this fabrication process on a large array of diamond diode structure. Due to non-uniform etching, 
a portion of diamond tip array is over etched (Figure 6.64 (a)) while the other portion is under 
etched (Figure 6.64 (b)). In order to overcome these problems, an etch-stop process needed to be 
employed for silicon-anode etching. Electrochemical etching technique utilizing n+/p- epitaxial 
wafer (described in Chapter V) was then experimented as an etch-stop process. 
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Figure 6.64. The problem of fabricating high-density gated diamond field emitter array using 
standard Si or epitaxial wafer (a) over etched and (b) under etched. 
 
IV. Self-align-anode-molding technique utilizing n+/p- epitaxial Si wafer 
Some practical problems were found after the implementation of self-align-gate-molding 
technique utilizing epitaxial based wafer. First, electrochemical etching was complicated because 
special sample preparation and etching apparatus were required. Second, reproducibility was 
poor because good p-n junction (low leakage current) was required for this technique to work. 
Last, it was found that the design of the epitaxial layer thickness and hence p-n junction depth 
was more complicated than reality due to further diffusion of dopants during thermal oxidation 
and CVD diamond deposition steps. From our electrochemical etching experiment, the silicon 
thickness after etch-stop (5 µm) was larger than the desired thickness (2 µm). As a result, the 
silicon layer must be further thinned down by regular anisotropic etching and hence a similar 
non-uniform etching problem as seen in the process using standard silicon wafer occurred. Self-
align-molding technique utilizing SOI based wafer was then explored to overcome these 
problems. 
V. Self-align-molding technique utilizing SOI wafer 
This is the most successful method that we have developed for the fabrication of self-
align gated diamond emitter. It is a highly efficient approach because the integral parts of field 
emitter device (gate and anode) can be designed on the SOI substrate. In addition, the fabrication 
yield is high (more than 90%) because the etch-stop by SiO2 layer is highly reproducible. 
(a) (b) 
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Moreover, uniform self-aligned anode structure over large area can be achieved. The only 
drawback of this technique is the high cost of SOI wafer. However, the high cost problem will be 
lessening as the SOI technology becomes more developed. 
 
Design of diamond diode structure with self-aligned anode utilizing SOI wafer 
Fabrication of self-aligned anode diamond diode structure utilizing SOI wafer requires a 
careful design of pattern size, active silicon layer thickness of SOI wafer, and oxide parameters. 
The active silicon layer thickness (S) of SOI wafer must be properly designed to match the base 
width of pyramid (W), which defines the square patterns on the mask. A practical relationship 
between S and W is given by 
S = 0.46×(T1+T2)+(W+0.8×T1)/ 2  (6.7) 
where T1 is the thickness of the SiO2 masking layer for square patterning and T2 is the 
desired thickness of the SiO2 gate dielectric layer. This relation was derived from the process 
consideration along with diamond tip geometry contemplation. The first term is the active silicon 
layer thickness that is required to compensate the depletion of silicon layer due to the masking 
oxidation and the gate oxidation. The factor of 0.46 comes from the well-known fact that a 
silicon layer is depleted by 46% of the oxide thickness for conventional thermal oxidation. The 
second term is the active silicon layer thickness that is required to accommodate the height of 
inverted pyramidal cavities, which was given in eq. (6.1). The additional internal term of 0.8×T1 
accounts for the lateral etching of the oxide masking layer. The factor 0.8 is due to the fact that 
lateral etching of oxide by conventional wet etching is approximately 80% of the vertical etching 
[192]. If reactive ion etching (RIE) is used instead of wet etching, then the term 0.8×T1 can be 
omitted because there is negligible lateral etching [192].  
It should be noted that for the design based on eq. (6.7), the apex of SiO2 gate dielectric 
is designed to meet the buried oxide etch stop layer and the resulting SOI mold structure would 
be as illustrated in Figure 6.65 (a) so that diamond tip apexes would be automatically exposed 
after buried oxide etching.  In practice, the gate dielectric oxidation would slightly proceed so 
that the apex of SiO2 gate dielectric is completely joined with the buried oxide layer. For the 
design of self-aligned anode diamond tips with W = 2 µm, T1 = 0.2 µm, T2 = 1 µm, S should be 
approximately 2 µm. The fabricated mold based on this design is shown in Figure 6.65 (b). It 
can be seen that the apex of SiO2 gate dielectric is almost joined with the buried oxide layer. The 
 167
apex of SiO2 gate dielectric was not completely joined with the buried oxide layer because the 
active silicon layer thickness (S) was actually slightly bigger than 2 µm. This discrepancy was 
very small and can be adjusted by slight thinning of silicon anode layer to expose the SiO2 apex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.65.  (a) Structure and (b) SEM micrograph of SOI inverted pyramidal mold. 
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Physical structure of monolithic diamond vacuum diode 
Physical structures of monolithic diamond vacuum diodes fabricated by various 
fabrication techniques are shown in Figures 6.66-6.70. An SEM micrograph of capped diamond 
field emitter diode is shown Figure 6.66. It illustrates a diamond microtip with base dimension 
of 2 µm x 2 µm sitting on diamond film with an integrated silicon anode located 2 µm above the 
diamond tip. An SEM micrograph, Figure 6.67, shows a volcano self-aligned anode diamond 
microtip with base dimension of 2µm x 2µm and an aluminum anode supported by a SiO2 layer. 
An SEM micrograph of diamond field emitter diode with self-aligned silicon anode separated by 
0.7 µm thick SiO2 dielectric spacer is demonstrated in Figure 6.68. An SEM micrograph, Figure 
6.69, shows a single diamond vacuum diode with self-aligned silicon anode fabricated from SOI 
sharpened mold. Figure 6.70 is an SEM micrograph of a large array of diamond vacuum diode 
with self-aligned silicon anode fabricated from SOI sharpened mold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.66. SEM micrograph of capped diamond vacuum diode. 
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Figure 6.67. SEM micrograph of volcano diamond diode structure with self-align Al anode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.68. SEM micrograph of a diamond vacuum diode with self-aligned Si anode fabricated 
by self-align-anode-molding technique. 
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Figure 6.69. SEM micrograph of a diamond vacuum diode with self-aligned Si anode fabricated 
by self-align-anode-molding technique utilizing SOI wafer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.70. SEM micrograph of a large array of diamond vacuum diodes with self-aligned Si 
anode fabricated by self-align-anode-molding technique utilizing SOI wafer. 
Si-Gate 
Diamond tip array 
Si-Anode 
Diamond tip 
Vacuum cavity
 171
Emission characteristics of monolithic diamond vacuum diodes 
A typical I-V characteristic of volcano type diamond vacuum diode (undoped diamond 
tips with no sp2 content before VTE treatment) is shown in Figure 6.71. A nominal I-V 
characteristic of capped diamond vacuum diode (boron-doped diamond tips with low sp2 content 
after VTE treatment) is demonstrated in Figure 6.72. A distinctive I-V characteristic of diamond 
vacuum diode with self-aligned Si anode (undoped sharpened diamond tips with low sp2 content 
after VTE treatment) is shown in Figure 6.73. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.71. I-V plot of volcano type diamond vacuum diode (undoped diamond tips with no sp2 
content before VTE treatment). 
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Figure 6.72. I-V plot of capped diamond vacuum diode (boron-doped diamond tips with low sp2 
content after VTE treatment) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.73. I-V plot of diamond vacuum diode with self-aligned Si anode (undoped sharpened 
diamond tips with low sp2 content after VTE treatment). 
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Discussion of emission results from monolithic diamond vacuum diodes 
Typical I-V characteristics of various types of diamond vacuum diode structures 
(normalized to a single tip) are shown in Figure 6.74, and the corresponding F-N plots are 
shown in Figure 6.75. It should be noted that these monolithic diodes were fabricated with 
different diamond cathode structures, diamond compositions, anode-cathode spacing, and anode 
configurations. First, the volcano diamond vacuum diode utilized unsharpened undoped diamond 
tips with no sp2 content and volcano Al anode sitting on SiO2 spacer with anode-cathode spacing 
of ~1 µm. Second, the capped diamond vacuum diode composed of boron-doped unsharpened 
diamond tips with low sp2 content and Si suspending cap anode bonded via SiO2 spacer with 
anode-cathode spacing of ~2 µm. Last, the self-aligned Si-anode diamond vacuum diode 
comprised of ultra sharp undoped diamond tips with low sp2 content and silicon anode sitting on 
SiO2 spacer with anode-cathode spacing of ~0.7 µm. From Figure 6.74, the turn-on voltage of 
volcano, capped, and self-aligned Si-anode diamond vacuum diodes are approximately 30 V, 2 
V, and 0.7 V with emission current of 1 µA per tips at an anode voltage of 80 V, 10 V, and 5 V, 
respectively. Therefore, diamond vacuum diodes have excellent emission characteristics with 
low turn-on voltages. The turn-on voltages of diamond vacuum diodes (even for the worst case: 
volcano diode) are significantly lower than silicon field emission diode whose turn-on voltage is 
typically higher than 60 V even with submicron anode-cathode spacing [18-22]. 
Since the emission from the monolithic diodes cannot be directly confirmed from the 
fluorescent screen, additional experiments were conducted to affirm that the measured current is 
indeed a field emission current from diamond tips not a leakage current or hopping conduction 
current via the inter electrode silicon dioxide layer. Conductivity measurements of the devices in 
an open-air environment before and after emission testing were conducted to examine the quality 
of the silicon dioxide layer. No conduction current was observed for normal operating voltage up 
to ±80V. On the other hand, the measured current, Figure 6.74, shows a distinct asymmetric I-V 
characteristic for all diamond vacuum diode in vacuum environment (10-6 Torr.). If the measured 
current is a leakage current or hopping conduction current via SiO2, it must remain unchanged in 
open-air as well as vacuum environment because it is conduction current in solid-state device. In 
addition, current conduction due to F-N tunneling through silicon dioxide is highly unlikely, 
because tunneling through a 0.7 µm thick silicon dioxide layer would occur at a much higher 
electric field typically 1000 V/µm [193], contradicting to the low turn-on of 1 V/µm obtained 
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from Figure 6.74. Moreover, the measured current (Figure 6.74) is in good agreement with the 
emission current obtained from a similar diamond tip tested with an external phosphorous anode 
as described in part I. One may also speculate that the measured current at low electric field 
could be a result of Frenkel-Poole conduction via SiO2 defects or emission through 
SiO2/diamond Schottky barrier. These types of conduction currents, according to solid-state 
physics, are temperature dependent. Thus, we can distinguish these types of conduction currents 
from field emission current by temperature sensitivity measurement. Figure 6.76 shows I-V 
plots of diamond vacuum diode with self-aligned Si-anode for various temperatures up to 200 
°C. From Figure 6.76, it can be seen that the measured current is temperature in sensitive up to 
200 °C, thus ruled out Frenkel-Poole and Schottky barrier conduction. All other diamond diodes 
have the same temperature insensitivity characteristics. Furthermore, it should be noted that 
leakage conduction currents via SiO2 layer were observed from defective samples. These leakage 
conduction currents through the oxide were found to be strongly temperature sensitive, 
symmetric under applied voltage, and remained the same in both vacuum and open-air 
environment. More importantly, all of emission currents from monolithic diamond diodes 
conform to F-N behavior as evident from Figure 6.75. Therefore, it is confident to conclude 
from these experimental observations that these measured currents are indeed the emission 
currents from diamond into vacuum. 
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Figure 6.74. Typical I-V characteristics of various types of diamond emitter vacuum diode 
structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.75. F-N plots of various types of diamond vacuum diode structures. 
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Figure 6.76. I-V plots of self-aligned Si-anode diamond vacuum diode for various temperatures. 
 
The volcano self-align diamond diode has higher turn-on voltage than other diodes 
because sp2 incorporation, boron doping, and tip sharpening were not applied to enhance the 
emission characteristics. The F-N plots (Figure 6.75) demonstrate that volcano self-align 
diamond diode has steepest F-N slope, which should be due to low field enhancement factor of 
no sp2, undoped, unsharpened diamond tip. It should be noted that due to complexity in 
fabrication of volcano self-align diamond diode, we did not pursue to optimize emission 
characteristic from this structure. The capped diode exhibits better emission characteristics with 
lower turn-on voltage since sp2 incorporation and boron doping were utilized to enhance 
emission characteristics. The self-aligned Si-anode diamond diode demonstrates the lowest turn-
on voltage and high emission current, which should be attributed to ultra sharp diamond microtip 
structure, sp2 content, and VTE treatment. It should be noted that boron doping were not applied 
to the self-aligned Si-anode structure because boron dopants could migrate into SiO2 during 
PECVD diamond deposition and cause leakage current through SiO2. The F-N plots (Figure 
6.75) reveal that self-aligned Si-anode diamond diode has shallowest F-N slope, which should be 
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) 
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due to high field enhancement factor contributed by sp2 content, ultra sharp diamond tip 
structure and VTE treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.77. I-t plot of self-aligned Si-anode diamond vacuum diode. 
 
Furthermore, the self-aligned anode diamond vacuum diode has relatively stable emission 
current at a given anode voltage. Figure 6.77 shows a typical current vs. time (I-t) plot of the 
self-aligned Si-anode diamond vacuum diode for various anode voltages. The fluctuation of 
emission current was found to be about 2% for low emission current and less than 15% for high 
emission current. This fluctuation is considerably smaller than that of a typical single silicon tip 
(50% at the emission current of ~1 µA) [39]. 
 
Modeling of monolithic diamond vacuum diode 
 The I-V characteristics of the monolithic diamond vacuum diodes were modeled by the 
modified Fowler-Nordhiem equation (in forward bias) as in the analysis of diamond microtip 
cathode but using slightly different form: 
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where C ≡ A*K1*β2/(d2Φ) and D ≡ K2dΦ1.5/β. VB is the breakdown voltage before 
reverse field emission. All other variables were previously defined in eq. 6.3. This is a simplified 
form of F-N equation (eq. 6.3) with anode voltage (V) as the main variable. It should be noted 
that the reverse emission current from monolithic vacuum diode is hypothetically zero (below 
noise level). The modeling parameters (C and D) of various monolithic diamond vacuum diodes 
were found from intercepts and slopes of F-N plots (Figure 6.77) and listed along with turn-on 
voltages (Von) and theoretical breakdown voltage (VB) in Table 6.5. 
 
Table 6.5. Modeling parameters for various diamond vacuum diodes. 
 
Diamond vacuum diode  C (µA/V2) D (V) Von (V) VB (V) 
[theoretical] 
VB/ Von 
Volcano diode 0.0012 184.74 30 2700 90 
Capped diode 0.030975 6.22 2 5400 2700 
Self-aligned Si-anode diode 0.049439 1.08 0.7 1900 2700 
 
It can be deduced from Table 6.5 that the turn-on voltage (Von) of vacuum diode strongly 
depends on C and D values. It addition, Von is nearly proportional to D and inversely 
proportional to C. Thus, small D and large C values are desired to achieve vacuum diode with 
low turn-on voltage. From the definition, it can be seen that small D and large C values can be 
achieved by well-designed diamond diode with high field enhancement factor, low work 
function, large emitting area, and small anode-cathode spacing. 
Theoretically, breakdown voltage can be estimated by the assumption that breakdown 
occurs due to reverse electron field emission from anode to cathode. Thus, the breakdown 
voltage depends on the work function of anode (ΦA), anode configuration, and anode-cathode 
spacing (d), which can be estimated from a simple relationship: 
VB = d×Eb/βA (6.9) 
where Eb is the breakdown electric field which is proportional to the work function of 
anode (ΦA). βA is the field enhancement factor of anode that depends on anode configuration. Eb 
can then be approximated based on basic field emission theory of planar cathode [134] by a 
simple diagram illustrated in Figure 6.78. 
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Figure 6.78. Diagram for a simple approximation of Eb. 
 
From Figure 6.78, Eb can be estimated on the condition that the applied electric field Eb 
thins down the potential barrier width such that the tunneling distance at Fermi level of anode is 
reduced to a critical value, Wth, the threshold tunneling distance at which tunneling probability is 
sufficiently high for electrons to tunnel into vacuum. It can easily be deduced from the diagram 
that 
Eb = ΦA/Wth (6.10) 
Based on quantum mechanics, Wth for tunneling through a triangle barrier is ~1.5 nm. 
Using ΦA = 4.1 eV for an n++ silicon anode, Eb is calculated to be ~2700 V/µm.  
The geometrical field enhancement factor of anode, βA,  is normally assumed to be one 
for anode with planar surface. However, the surface roughness could result in a higher field 
enhancement. For our first order approximation, βA are all assumed to be one. Thus, breakdown 
voltages of various diamond vacuum diodes were calculated as shown in Table 6.5. 
The ratio, VB/Von, is a measure of the rectifying capability of a diode. For rectifying 
applications, VB/ Von is desired to be as high as possible. It can be seen from the table that the 
theoretical rectify capability of diamond vacuum diode can be higher than that of a solid-state 
diode. However, there are two main factors that may cause breakdown of field emission vacuum 
diode to occur before the theoretical limit is reached. First is the breakdown of dielectric spacer, 
which depends on the quality of the dielectric spacer. Second is field ionization or vacuum 
discharge due to residual gas in the vacuum system, which depends on vacuum conditions [187]. 
Thus, it is difficult to determine the actual breakdown voltage of a vacuum diode. 
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Small signal model of diamond vacuum diode 
For small signal application, diamond vacuum diode, similar to solid-state diode, can be 
model as a variable resistor. The dynamic resistance (rd) of diamond vacuum diode (in forward 
bias) can be derived from the standard definition of the dynamic resistance. 
)/2(
    
)2(
)/exp(    
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Figure 6.79 shows the calculated dynamic resistance per tip for various diamond vacuum 
diodes as a function of biasing voltages. Generally, the dynamic resistance per tip for vacuum 
diodes is relatively high. But the value can be decreased significantly by increasing the number 
of emitting tips in the diode design. However, the dynamic resistance of diamond vacuum diode 
may not be lower than that of solid-state diode, of which rd = VT/I where VT=kT/q (k= 
boltzman’s constant, T=temperature (K), and q = electron charge). This is because the dynamic 
resistance of vacuum diode from Eq. (6.11) is lower than the DC resistance (Rdc=V/I) by the 
factor of (2+D/V). It should also be noted that as V increases, rd of diamond vacuum diode 
would be approaching the limit of V/(2I). This is a drawback of diamond vacuum diode 
compared to solid-state diodes. 
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Figure 6.79. Calculated dynamic resistances per tip for various diamond vacuum diodes. 
 
Part III: Monolithic diamond vacuum triode 
 
Design and fabrication issues of gated diamond vacuum triode 
Fabrication of monolithic diamond vacuum triode is quite complicated. In addition to the 
requirements needed for gated diamond emitter, there are two main issues involving design and 
fabrication of monolithic diamond vacuum triode by molding technique: the practicality of the 
fabrication process for monolithic diamond vacuum triode, and the quality of anode-gate 
dielectric spacer. To achieve these goals, three fabrication configurations for monolithic 
diamond vacuum triode structures have been explored and developed. 
 
Discussion of various fabrication processes for monolithic diamond vacuum triode 
I. Integrated anode utilizing electrostatic bonding technique 
Electrostatic bonding technique as described in chapter V was used to obtain a gated 
diamond emitter triode with a cap anode. There are two configurations of this type of diamond 
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emitter triode: gated diamond emitter triode with a cap anode bonded directly on the gate, and a 
cap anode bonded to a supporting substrate. There are pros and cons between these two 
techniques. The first configuration is better than the second in term of anode-cathode co-
planarity over large area because it is difficult to align a cap anode coplanar to gated cathode 
arrays. On the other hand, the second configuration is better than the first to maintain the anode-
gate dielectric quality after anodic bonding process. The direct anodic boding on the gate would 
weaken the dielectric spacer quality due to high heat and electric field that must be applied to 
form a good bond between spacer and silicon gate. 
II. Integrated anode utilizing SOI substrate 
Integrated anode utilizing SOI bulk layer was investigated to achieve self-align gated 
diamond emitters with an integrated suspending anode. This fabrication method is practical and 
efficient because integral parts of triode structure such as gate and anode are inherently 
embedded in the SOI substrate design. In addition, co-planarity problem is eliminated because 
anode and cathode are automatically co-planar. Furthermore, anode-cathode dielectric quality 
may be ensured by the high quality of the embedded silicon dioxide on SOI wafer. However, the 
anode-gate spacing of triode fabricated by this technique is limited by the thickness (a few 
microns) of the embedded silicon dioxide layer on commercially available SOI wafer. The small 
anode-gate spacing of triode may result in low amplification factor for triode, which is not 
desirable for a number of applications. 
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Physical structure of monolithic diamond vacuum triode 
Physical structures of monolithic diamond vacuum triodes fabricated by various 
fabrication techniques are shown in Figures 6.80-6.82. An SEM micrograph of diamond vacuum 
triode fabricated by cap-anode electrostatic bonding over gated diamond emitter is shown Figure 
6.80. It illustrates an array of gated diamond microtips with an integrated silicon anode located 
~50 µm above the gated diamond tips. A high-maginification SEM micrograph, Figure 6.81, 
shows gate opening of self-align gated diamond vacuum triodes. It can be seen that diamond tips 
are approximately at the same level as the gate open with gate opening of ~2 µm in diameter and 
hence gate-cathode spacing of ~1µm. An SEM micrograph, Figure 6.82, shows diamond 
vacuum triode fabricated by integrated SOI anode approach. It illustrates a self-align Si-gated 
diamond microtips with gate opening of ~2 µm and an integrated silicon anode located ~3 µm 
above the diamond tips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.80. SEM micrograph of an array of self-align gated diamond vacuum triodes with 
integrated anode by electrostatic bonding technique. 
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Figure 6.81. SEM micrograph showing gate opening of self-align gated diamond vacuum 
triodes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.82. SEM micrograph of a self-align gated diamond vacuum triode with integrated SOI 
anode. 
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Emission characteristics of diamond vacuum triodes 
The emission behaviors of diamond vacuum triodes were characterized by anode 
emission current vs. anode voltage (Ia-Va) for various gate voltages (Vg). Triode characteristics 
of four diamond vacuum triodes with different device parameters were studied and evaluated. It 
should be noted that these triodes were fabricated with the same self-aligned si-gate approach, 
same sp2 content of diamond cathode (low sp2), same gate opening size (cathode-gate spacing of 
~1 µm), and same silicon cap-anode configurations. These triodes, however, have different 
doping of diamond cathode, array size, and anode-cathode (or gate) spacing (note: gate and 
cathode are approximately at the same level). The triode labeled “Triode U1” utilized a 4x4 tips 
array of undoped low sp2 diamond tips and anode-cathode spacing of ~50 µm. The emission 
characteristics (Ia-Va-Vg) of Triode U1 are shown in Figure 6.83. The triode labeled “Triode 
U2” used a 64x64 tips array of undoped low sp2 diamond tips and anode-cathode spacing of 
~500 µm. The Ia-Va-Vg characteristics of Triode U2 are shown in Figure 6.84. The triode 
labeled “Triode B1” utilized a 16x16 tips array of boron-doped low sp2 diamond tips and anode-
cathode spacing of ~50 µm. The Ia-Va-Vg characteristics of Triode B1 are shown in Figure 6.85. 
The triode labeled “Triode B2” employed a 256x256 tips array of boron-doped low sp2 diamond 
tips and anode-cathode spacing of ~1 mm. The Ia-Va-Vg characteristics of Triode B2 are shown 
in Figure 6.86. It should be noted that Triode B1 and Triode B2 were doped with different 
doping methods. Triode B1 was doped with high concentration solid boron source whereas 
Triode B2 was doped with a low concentration of boron gas source. Thus, it is assumed that 
Triode B2 has lower boron doping concentration than Triode B1. Triode device parameters are 
summarized in Table 6.6. 
 
Table 6.6. Device parameters for various diamond vacuum triodes. 
 
Diamond vacuum triode U1 U2 B1 B2 
Array size 4x4 64x64 16x16 256x256 
Anode-cathode spacing ~50 µm ~500 µm ~50 µm ~1000 µm 
doping undoped undoped p+ p 
sp2 content low sp2 
Gate-cathode spacing ~1 µm 
Structure Self-aligned Si gate with cap anode 
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Figure 6.83. Ia-Va plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.84. Ia-Va plots of Triode U2 for various Vg. 
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Figure 6.85. Ia-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.86. Ia-Va plots of Triode B2 for various Vg. 
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Discussion of emission results from diamond vacuum triodes 
The Ia-Va plots of emission data for various diamond triodes (Figures 6.83-6.86) 
demonstrate that all diamond triodes have the desired saturation behavior of field emission 
transistors. The saturation regions for various gate voltages are seen at anode voltages above 
~200 V, 150 V, 90 V, and 60 V for Triode U1, B1, U2, and B2, respectively. The results imply 
that the anode saturation voltage (Va,sat) tends to decrease as anode-cathode spacing increases 
(Note that anode-cathode spacing for Triode U1, B1, U2, and B2 are ~50, 50, 500, and 1000 µm, 
respectively). In addition, the anode saturation voltage for each triode slightly increases as the 
gate voltage increases. Furthermore, boron-doped diamond triode has a lower anode saturation 
voltage than undoped diamond triode. This observation will be discussed and explained later. 
From Ia-Vg plots of emission data for various diamond triodes (Figures 6.87-6.90), the 
gate turn-on voltages for Triode U1, B1, U2, and B2 are ~28, 10, 30, and 22 V, respectively. The 
result indicates that a boron-doped diamond triode has a lower gate turn-on voltage than an 
undoped diamond triode, which is expected and in good agreement with the result obtained from 
diamond field emitter diodes. In addition, Triode B1 has a lower turn-on voltage than Triode B2. 
This result is also expected because Triode B1 has a higher doping concentration than Triode B2. 
The gate turn-on voltage of diamond triode is considerably lower than that of comparable silicon 
field emission triode with the same gate-cathode spacing of 1 µm [18,22-25], whose turn-on 
voltage is typically >80 V. Furthermore, the anode current at a given gate voltage increases as 
the array size increases. 
The F-N plots of various diamond triodes are shown in Figure 6.91. It indicates that the 
emission characteristics of diamond triodes conform to F-N behaviors. It can be seen that Triode 
B1 has the shallowest F-N slope, hence the highest field enhancement factor as expected. In 
addition, Triode U1 and U2 have approximately the same F-N slope as expected because they 
have the same diamond cathode structure and composition. However, it can be noticed that 
Triode B2 has the steepest F-N slope. This result is unexpected because boron-doped low sp2 
diamond tips should have a higher field enhancement factor than undoped low sp2 diamond tips. 
This discrepancy may be attributed to the Nickel (Ni) back contact that was used for this 
particular triode to provide good adhesion for diamond brazing to copper layer on metal 
substrate (Ni has a high work function of 5.3 eV). These observations will be discussed and 
explained in the following section. 
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Figure 6.87. Ia-Vg plots of Triode U1 for various Va. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 6.88. Ia-Vg plots of Triode U2 for various Va. 
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Figure 6.89. Ia-Vg plots of Triode B1 for various Va. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.90. Ia-Vg plots of Triode B2 for various Va. 
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Figure 6.91. F-N plots of various diamond emitter triodes for various Va. 
 
Modeling of diamond vacuum triode 
The emission characteristics of diamond vacuum triode have been modeled by the 
modified Fowler-Nordhiem (F-N) equation where the total emission current emitted from the 
cathode is given by: 
 




 −=
E
YX expE I 2t  (6.12) 
where Y ≡
β
5.1
2 *ΦK , X ≡ 
Φ
2
1 **A βK , K1, K 2, Φ, β, and A are previously defined. X 
and Y can be obtained from the intercept and slope of F-N plots, respectively. E is the resultant 
electric field at the cathode due to the applied gate and anode voltages.  
E= (Vg+Va/µ)/d (6.13) 
Ln
(I
a 
/V
g2
) 
1/Vg (1/V) 
Va 
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where Vg, Va, µ, and d are gate voltage, anode voltage, amplification factor, and gate-
cathode spacing, respectively. The emission current collected at the anode, Ia, is derived from the 
total emission current as: 





 −=
E
YX expE I 2a α  (6.14) 
where α is the emission transport factor that is defined as the fraction of emission current 
collected at the anode to the total emission current emitted from the cathode (α ≡ It/Ia). It should 
be noted that α is not a constant, it depends on anode and gate voltages for a given triode 
structure. 
 
Extracting modeling parameters for diamond vacuum triode 
Modeling of diamond vacuum triode is complicated since there are many parameters and 
unknown functions. We have established a procedure for extracting the related modeling 
parameters of diamond vacuum triode from the anode emission current: 
I. Determine the amplification factor, µ 
II. Make corrected F-N plot of emission current 
III. Calculate and plot the total emission current (It) versus the anode current (Ia). 
IV. Calculate and plot α 
V. Model α 
VI. Calculate and verify the modeled anode current with the actual anode current 
The following illustrates the detail application of the procedure for all diamond vacuum 
triodes. 
I. Determine the amplification factor, µ 
The amplification factor, µ, can be estimated graphically from the basic definition 
tconsIg
a
a
V
V
tan=
∆
∆
−=µ  (6.15) 
Applying to Triode U1, if Va changes from 350 V to 400 V, Vg is required to change 
from ~59.85 V to ~59 V at a constant Ia of 1 µA (see Figure 6.87). Thus, µU1 ≈ 50/0.85 ≈ 68. For 
Triode U2, if Va changes from 150 V to 400 V, Vg is required to change from ~67.35 V to ~67.2 
V at a constant Ia of 40 µA (see Figure 6.88). Thus, µU2 ≈ 250/0.43 ≈ 580. For Triode B1, if Va 
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changes from 350 V to 400 V, Vg is required to change from 19 to 19.2 V at a constant Ia of 3 
µA (see Figure 6.89). Thus, µB1 ≈ 50/0.2 ≈ 250. For Triode B2, if Va changes from 150 V to 400 
V, Vg is required to change from 31.7 V to 31.4 Vat a constant Ia of 150 µA (see Figure 6.90). 
Thus, µB2 ≈ 250/0.3 ≈ 800. Although µ is evaluated for a single operating point in saturation 
region, it can represent the amplification factors over a wide operating voltage in that region 
because µ is a very weak function of gate and anode voltages [16]. The high amplification factor 
value indicates that diamond field emission triode should be good for small signal amplification. 
The calculated result shows that µU1 <µB1 <µU2 <µB2. This result is in accordance with 
the previous observation and discussion that Va,sat,U1>Va,sat,B1>Va,sat,U2>Va,sat,B2 and DU1 ≈DB1 
<DU2 <DB2 (Va,sat ≡anode saturation voltage and D≡anode-cathode spacing). Two conclusions 
can be made. First, µ increases and Va,sat decreases as D increases. Second, µ decreases and Va,sat 
increases with boron doping of diamond cathode. These observed effects can be explained by 
electrostatic theory. 
 
Analysis on the effect of anode-cathode spacing on the amplification factor 
From the definition, µ is a parameter used to evaluate how good gate voltage has control 
on the anode emission current over anode voltage. For a field emission triode, gate voltage has 
higher control on emission current than anode voltage by the manner in which they control the 
electric field at the emitter, and hence µ also corresponds to the factor that dictates how much 
gate voltage has influence on the cathode electric field over anode voltage. The manner in which 
gate voltage and anode voltage control the electric field at the emitter can be explained by the 
electrostatic theory. To explain the effect of D on µ, consider electrostatic problems in field 
emitter triode structures with different anode-cathode spacing (D) as illustrated in Figure 6.92. 
From electrostatic theory, the potential and electric field in a charge-free space can be found by 
solving the Laplace’s equation: 
0)(2 =∇ RV
v
 (6.16) 
where V is a potential at any point and R
v
 denotes a position vector in the space. The 
boundary conditions for this problem are the applied potentials from the gate (Vg) and anode 
(Va) with respect to ground at the contact, in triode geometry, as depicted in Figure 6.92. 
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Figure 6.92. Diagram illustrating the effect of anode-cathode spacing on amplification factor. 
 
For the given triode geometry, it is difficult to solve the Laplace’s equation analytically 
and hence it is generally done numerically [188]. The numerical simulation for this problem is 
beyond the scope of this research. However, the magnitude of electric field ( VRE ∇−=)(
v
) for 
Eq. (6.16) can generally be expressed in the form: 
E( R
v
) = K1 Va+K2Vg ≡ K2(γVa+Vg)= K2(Va/µ+Vg) (6.17) 
where K1, K2, γ≡ K1/K2,and µ≡1/γ are constants. These constants can be obtained from 
the numerical solution of the Laplace’s equation.  
The form of E( R
v
) can also be simply deduced from the superposition theorem of 
potential fields. Let’s consider, the electric field at the tip of the cathode, Etip= K2(γVa+Vg). 
Since the cathode position is farther from Va than Vg, it can be deduced without the explicit 
solution of Laplace’s equation that K1<K2 and γ<1 (electric field is inversely proportional to a 
power of distance from a potential source). Physically, it can be explained that the potential 
source from anode, which is far from cathode, cannot affect the potential and electric field at the 
cathode position as much as the closer potential source at the gate. For triode in Figure 6.92(a), 
E1= K2 (γ1Va+Vg) and triode in Figure 6.92(b), E2= K2(γ2Va+Vg). Since anode in Figure 6.92(a) 
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is closer than anode in Figure 6.92(b), one can deduce that γ1>γ2 and since γ=1/µ, µ1<µ2. 
Therefore, amplification factor of a field emission triode increases as anode-cathode spacing 
increases. 
 
 
Figure 6.93. Diagram illustrating the effect of boron doping of diamond cathode on 
amplification factor. 
 
Analysis on the effect of boron doping of diamond cathode on the amplification factor 
To explain the effect of boron doping of diamond cathode on µ, consider electrostatic 
problems for undoped and boron-doped field emitter triodes as illustrated in Figure 6.93. The 
effect of boron doping on diamond cathode is modeled by a cathode resistance from the back 
contact to diamond tips. It is obvious from electrostatic principle that the cathode resistance 
results in potential drop and electric field reduction at the tip. The potential drop and electric 
field reduction due to cathode resistance would be more significant for the gate voltage than the 
anode voltage because the gate is closer to the cathode and potential drop is inversely 
proportional to a power of distance. For undoped diamond triode with cathode resistance RU, the 
electric field at a tip is E1=K1γ1Va+ K1Vg. If the diamond cathode is doped with boron, cathode 
resistance is reduced to RB, then the electric field at a tip becomes E2=K2γ2Va+ K2Vg. It can be 
implied that  
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This inequality states that the change in the field contributed by the gate due to the 
reduction of cathode resistance is greater than the change in the field contributed by the anode. 
From the inequality, γ1>γ2 and µ1<µ2. This should be a reasonable explanation for the effect of 
boron doping on the amplification factor of diamond triode. 
II. Make corrected F-N plot of emission current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.94. Corrected F-N plots of various diamond emitter triodes for various Va. 
 
The corrected F-N plots of various diamond emitter triodes are shown in Figure 6.94. 
These corrected F-N plots use actual electric field E (given by equation (6.14)) instead of Vg as 
was done in Figure 6.91. It is important to note that Va must be chosen such that the triode is in 
saturation region so that α = 1 and hence F-N slope and intercept can be extracted correctly. 
From Figure 6.94, it can be seen that the F-N slope and intercept for various Va in saturation 
region of all triode is almost independent of Va. Thus, a single set of F-N parameters can be 
extracted from emission data. Comparing Figure 6.94 to Figure 6.91, it can be seen that 
corrected F-N plots of Triode U1 and B1 are significantly different from the simple F-N plots. 
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This is because Triode U1 and B1 has low µ value this makes Vg not proportional to E and the F-
N plots notably depend on Va. For high µ field emission triode, corrected and noncorrected F-N 
plots are almost the same and thus a simple F-N plot may be used for analysis. From the 
corrected F-N plots, YU1 = 201.3 V/µm, X U1 = 5.336×10-3 µA⋅(µm/V)2; YU2 = 180.94 V/µm, X 
U2 = 6.4375×10-2 µA⋅(µm/V)2; YB1 = 81.517 V/µm, X B1 = 0.592 µA⋅(µm/V)2;YB2 = 384.6 V/µm, 
and X B2 = 10.17 µA⋅(µm/V)2. The subscripts of X and Y denote the associated triode. 
 
III. Calculate and plot the total emission current versus the anode current. 
From the known µ, X, and Y for each triode, the total emission current (It) for all triodes 
was calculated from Eq. (6.12) and plotted versus actual anode current as shown in Figures 
6.95-6.98. The purpose of these plots is to illustrate the difference between emission current 
collected at the anode and the total emission current and to calculate the emission transport 
factor. The continuous solid lines denote the total emission current and the anode current are the 
associated markers. It can be seen that in saturation region, It = Ia, which implies all emitted 
electrons are collected by the anode. At low anode voltage (non-saturation region), It is 
significantly higher than Ia, which implies only a small portion of emitted electrons are collected 
by the anode. 
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Figure 6.95. It-Ia-Va plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.96. It-Ia-Va plots of Triode U2 for various Vg. 
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Figure 6.97. It-Ia-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.98. It-Ia-Va plots of Triode B2 for various Vg. 
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IV. Calculate and plot α 
After the total emission current has been computed, the emission transport factor (α) can 
be calculated from its definition α = It/Ia. The α values calculated for various triodes were 
plotted as function of gate and anode voltages as shown in Figures 6.99-6.102. The result shows 
that α is a complicated function of anode and gate voltages. In addition, α seems to follow 
different functions for different triodes. The only common characteristic of α for all triode is that 
α approaches 1 as anode voltage increases for a given gate voltage. 
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Figure 6.99. α-Va plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.100. α-Va plots of Triode U2 for various Vg. 
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Figure 6.101. α-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.102. α-Va plots of Triode B2 for various Vg. 
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V. Model α. 
Conceptually, the fraction of emission current from cathode that is collected by the anode 
and hence the α function of a field emission triode could be modeled from the basic law of 
electrostatics and classical mechanics [189]. The first step is to solve Laplace’s equation (Eq. 
6.16) for the electric field in the triode geometry. Next, classical electron trajectories are solved 
from the known electric field using the Newton’s equation of motion: 
)(2
2
RE
m
q
dt
Rd vv
v
−=  (6.18) 
where t = time, q = electron charge, m = electron mass, R
v
 = position vector, and E
v
 = 
electric field vector. The boundary conditions, which include electron initial velocity and 
position, are determined from the numerical solution of Schrodinger’s equation for electron 
tunneling from the cathode. The last step is to estimate the fraction of electrons arrive at the 
anode from the known electron trajectory. Since this problem has to be solved by using the 
Laplace’s, Schrodinger’s, and Newton’s equations simultaneously in three-dimensional triode 
geometry, it is very difficult to be done analytically but can be done numerically. The numerical 
simulation for this problem is beyond the scope of this research. To understand the 
characteristics of α and explain triode operations, it is useful to illustrate qualitative solution of 
electron trajectory in a field emission triode (based on some numerical simulations [189]) as 
shown in Figure 6.103. For low anode voltage, Va<<Vg, most of electric field lines and electron 
trajectories terminate at the gate as shown Figure 6.103 (a). Hence, few electrons can arrive at 
the gate and α ≈ 0. This is an off state in triode operation. For medium anode voltage (Va≈Vg), 
some of electric field lines and electron trajectories divert from the gate to terminate at the anode 
as shown Figure 6.103 (b). Thus, some electrons arrive at the anode and 0<α<1. This is called 
the non-saturation (linear) region in triode operation. For high anode voltage (Va>>Vg), most of 
electric field lines and electron trajectories divert to terminate at the anode as shown Figure 
6.103 (c). Therefore, most electrons arrive at the anode and α ≈ 1. This is called the saturation 
region in triode operation. 
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Figure 6.103. Electric field lines diagram for a field emission triode demonstrating the effect of 
gate and anode voltage on α. 
Note: 
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Since there has been no theoretically derived or general analytical form for α of field 
emission triode, thus α is modeled empirically. There have been few empirical models for α for 
a field emitter triode reported [190-191]. For example [190]: 

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




+

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

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V
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atanhα  (6.19) 
where a and b are constants fitting parameters for a given triode. Another example [191]: 
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where a1, a2, a3, a4, and a5 are constants fitting parameters for a given triode. However, 
these proposed empirical models are not sufficiently general and can only be fitted to some 
specific data. We have attempted to fit these models with our experimental data but found that 
our data cannot be satisfactorily fitted with these proposed empirical models. Thus, an empirical 
model for α of our diamond field emission triodes needs to be developed. 
Development of the empirical model of α for diamond vacuum triode 
To find an unknown empirical model for data of two variables is considerably difficult 
and complicated and cannot be done by general curve fitting programs. Thus, we begin by 
finding a simplified assumption that could reduce the complexity. From the previous discussion 
on theoretical modeling of α, Figure 6.103, it can be deduced that α depends on the relative 
values of Va and Vg, and hence it should depend on Va/ Vg or Vg/ Va. Let’s define ν≡Va/ Vg. To 
test this hypothesis, the calculated α values (Figures 6.99-6.102) were plotted as functions of ν 
as shown in Figures 6.104-6.107. The results indicate that this assumption is mainly valid 
because α-ν plots tend to follow the same function regardless of Vg for all diamond triodes 
investigated. Thus, α becomes a function of a single variable, ν. Next, we need to find a general 
function of ν that assumes a value between 0 and 1 and can fit the plots in Figures 6.104-6.107. 
Based on the shape of the plots, a likely function that should fit the data should be in the form: 
)(exp1 να P−=  (6.21) 
where P(ν) is a fitting polynomial function of ν. P(ν) must assume a negative value to be 
valid for all ν>0, otherwise α would have an invalid negative value according to Eq. (6.21). 
From Eq. (6.21), it is obvious that P(ν) can be found by plotting ln(1-α) versus ν and then fitting 
the plots with the poly-regression method. The plots of ln(1-α) vs. ν for all diamond triodes are 
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illustrated in Figures 6.108-6.111. It should be noted that R2 in the insets are the coefficient of 
determination for poly-regression. R2 measures the correlation of data to the fitting curve. If R2 
is close to 1, it means data is fitted perfectly with the model polynomial. R2 for most data are 
close to 1,thus the data are well fitted with the polynomial. However, it was found that the best 
fitted P(ν) for most of triodes’ data (except Triode B1) has some invalid regions (P(ν) >0 for ν 
>0). In addition, some P(ν) become decreasing function for large or small ν, which will give 
incorrect prediction for α. Thus, the triode data cannot be satisfactorily fitted with the trial 
function in Eq. (6.21). 
Next, Vg/ Va = 1/ν ≡υ was tried to be used as the variable for polynomial fitting instead 
of ν. This means that P(ν) is replaced with P’(υ). Similar to P(ν), P’(υ) can be found by plotting 
ln(1-α) versus υ and then fitting the plots with the poly-regression method. The plots of ln(1-α) 
vs. υ for all diamond triodes are illustrated in Figures 6.112-6.115. However, it was found that 
the best fitted P’(υ) for most of triodes’ data result in poor R2 as shown in the insets and P’(υ) 
have several invalid regions. In addition, P’(υ) are not a desired monotonic function. Thus, 
replacing P(ν) with P’(υ) is not the solution for this model. Nevertheless, it can be noticed from 
ln(1-α) vs. υ plots for all diamond triodes that the negative of ln(1-α) seem to be exponential 
function of υ., Thus, the original model in Eq. (6.21) can be modified according to this 
observation to be: 
-ln(1-α)= exp(Π(υ)) (6.22) 
where Π(υ) is a fitting polynomial function. From Eq. (6.22), it is obvious that Π(υ) can 
be found by plotting ln(-ln(1-α)) versus υ and then fitting the plots with the poly-regression 
method. The ln(-ln(1-α)) vs. υ plots for all diamond triodes are illustrated in Figures 6.116-
6.119. Unlike previous cases, it was found that the best fitted Π(υ) for most of triode data is a 
polynomial function up to the fourth order (Π(υ)≡k4υ4+ k3υ3+ k2υ2+ k1υ+k0, where k4, k3, k2, k1, 
and k0, are polynomial fitting constants), which resulted in good determination coefficients (R2 
≈1) as shown in the insets and Π(υ) has no invalid region because Π(υ) can be either positive or 
negative value for υ>0. This can be clearly seen by rearranging Eq. (6.22) into the final form of 
α: 
))(exp(exp(1 υα Π−−=  (6.23) 
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From Eq. (6.23), α always has valid value between 0 and 1 regardless of Π(υ) and hence 
Π(υ) can be either positive or negative value. To confirm the validity of this model, α are 
calculated based on this model using Π(υ) in Figures 6.116-6.119 and plotted versus Va for 
various Vg as shown in Figures 6.120-6.123. It can be seen that the modeled α can fit over data 
well except some irregular data points. The error between data and the modeled α for various 
diamond triodes are acceptable. Thus, overall α data of all diamond triodes can be satisfactorily 
fitted with this model. Therefore, a new general empirical form for α modeling of diamond 
triode has successfully been developed. Furthermore, this α model should be applicable for other 
field emission triodes as well because it is generic and always has valid value between 0 and 1 
for all positive Va and Vg. 
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Figure 6.104. α-νplots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.105. α-ν plots of Triode U2 for various Vg. 
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Figure 6.106. α-ν plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.107. α-ν plots of Triode B2 for various Vg. 
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Figure 6.108. ln(1-α)-ν plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.109. ln(1-α)-ν plots of Triode U2 for various Vg. 
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Figure 6.110. ln(1-α)-ν plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.111. ln(1-α)-ν plots of Triode B2 for various Vg. 
ν
ln
(1
-α
) 
Vg 
P(ν) = -1.9278ν3+3.2956ν2-2.6882ν+0.2144 
R2 = 0.9674 
ln
(1
-α
) 
ν 
Vg 
P(ν) = 0.004ν3 - 0.0797ν2 + 0.0068ν - 0.0593 
R2 = 0.9829 
 212
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.112. ln(1-α)-υ plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.113. ln(1-α)-υ plots of Triode U2 for various Vg. 
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Figure 6.114. ln(1-α)-υ plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.115. ln(1-α)-υ plots of Triode B2 for various Vg. 
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Figure 6.116. ln(-ln(1-α))-υ plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.117. ln(-ln(1-α))-υ plots of Triode U2 for various Vg. 
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Figure 6.118. ln(-ln(1-α))-υ plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.119. ln(-ln(1-α))-υ plots of Triode B2 for various Vg. 
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Figure 6.120. Modeled and actual α-Va plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.121. Modeled and actual α-Va plots of Triode U2 for various Vg. 
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Figure 6.122. Modeled and actual α-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.123. Modeled and actual α-Va plots of Triode B2 for various Vg. 
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VI. Calculate and verify the modeled anode current with the actual anode current. 
All modeling parameters of various diamond triodes are summarized in Table 6.6 Anode 
current for various triodes calculated using Eq. (6.13) and the modeling parameters in Table 6.6 
are plotted versus the actual anode current as shown in Figures 6.124-6.127. It can be seen that 
anode emission data of all diamond triodes can be satisfactorily fitted with this model. Thus, all 
diamond vacuum triodes have been successfully modeled based on the F-N equation for triode 
and the new general empirical model developed for emission transport factor of diamond triodes. 
 
Table 6.7. Modeling parameters for various diamond vacuum triodes. 
 
Diamond vacuum triode U1 U2 B1 B2 
µ 68 250 580 800 
X (µA⋅(µm/V)2) 5.336×10-3 6.4375×10-2 0.592 10.17 
Y (V/µm) 201.3 180.94 81.517 384.6 
k0 2.0213 5.3026 2.1867 2.4175 
k1 -3.082 -6.2011 -10.071 -3.1568 
k2 0.4298 1.2655 9.1973 1.0972 
k3 -0.0195 -0.1131 -3.6889 -3.1568 
k4 0 0 0.5196 0.0062 
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Figure 6.124. Modeled and actual Ia-Va plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.125. Modeled and actual Ia-Va plots of Triode U2 for various Vg. 
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Figure 6.126. Modeled and actual Ia-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.127. Modeled and actual Ia-Va plots of Triode B2 for various Vg. 
I a 
(µ
A
) 
Va (V) 
Vg 
I a 
(µ
A
) 
Va (V) 
Vg 
 221
Transconductance and anode resistance calculation from the triode model 
The transconductance (gm) and anode resistance (ra) are two important triode 
performance parameters. The transconductance, gm, controls the current driving capability, 
voltage gain, and high frequency response of a triode when operates as an amplifier. The anode 
resistance, ra, determines the output resistance and the voltage gain of a triode amplifier. These 
parameters can be calculated from the complete model of diamond vacuum triodes by 
differentiating the triode model equation according to the standard definition in Eq. (3.8)-(3.10). 
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All variables were defined previously. In saturation region, the first term of 
gV∂
∂α in eq. 
(6.24) is negligible, thus gm in saturation region (gm,sat) is reduced to 
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The calculated transconductance (gm) as a function of Vg for various Va are shown in 
Figures 6.128-131. For all triodes, it can be seen that gm increases exponentially as a function of 
Vg for Va in saturation region. This is expected because gm is proportional to Ia in saturation 
region. In non-saturation region (low Va), gm increases slowly and finally decreases as Vg 
increases for Triode U1 and U2. The declining of gm occurs because Vg become greater than Va 
in this region. When Vg is greater than Va, α and Ia decreases because more electrons arrive at 
the gate instead of the anode. This characteristic is not obviously seen in Triode B1 and B2 
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because the turn-on and operating gate voltages of boron-doped triodes are lower than the 
operating anode voltage under operating conditions investigated. It can be seen that undoped 
diamond triodes yield much less gm relative to Ia than boron doped diamond triodes. Triode B1 
and B2 have much high gm relative to their anode currents than Triode U1 and U2, respectively, 
because of their lower turn-on and operating gate voltages. Thus, low turn-on and operating gate 
voltages are very important for a triode to achieve high transconductance at a given anode 
current. F-N slope (Y) is another factor that can significantly affect gm. From eq. (6.26), Y is 
desired to be large for high gm. The effect of Y on gm can be observed from Triode B2. Triode 
B2 has the best gm even though it has higher operating voltage than Triode B1 because it has 
much higher Y. Thus, F-N slope of cathode is desired to be large for gm enhancement but F-N 
slope cannot be too large because turn-on and operating gate voltages will be high and leads to 
gm degradation. Therefore, a trading off between F-N slope and operating voltage is an issue to 
achieve optimum gm. Nevertheless, high gm (µS range) have been achieved from these diamond 
triodes. 
Anode resistance ra of a diamond triode is given by 
a
a g
r 1=  (6.27) 
where ga is given by 
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In saturation region, the first term of 
aV∂
∂α in eq. (6.28) is negligible and ra in saturation 
region (ra,sat) is reduced to 
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The calculated ra as a function of Va for various Vg are shown in Figures 6.132-135. For 
all triodes, it can be seen that in the saturation region ra remains constant and decreases slightly 
as anode voltage further increases as implied from Eq. (6.30). In the non-saturation region, as 
anode voltage decreases below saturation, ra decreases and then inverts to increase again as 
anode voltage decreases toward zero. This result can be mathematically explained from Eq. 
(6.29). The decrease of ra in non-saturation region (compared to saturation region) is due to 
strong α dependence on anode voltage. Hence,
aV∂
∂α  significantly increases, ga increases, and ra 
decreases. From Figures 6.132-135, ra,sat of ~700, 230, 700, and 5 MΩ are obtained at Ia of  
~700, 230, 700, and 5 MΩ from Triode U1, U2, B1, and B2, respectively. It can be seen that 
diamond triodes have very high anode resistance. High anode resistance is desirable because it 
leads to higher anode output load resistance of a triode when operates as an amplifier. Thus, 
diamond triodes have good anode resistance characteristic. Moreover, it can be seen from Eq. 
(6.30) that ra decreases as Ia increases when the number of tip increases for a given gate and 
anode voltages. 
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Figure 6.128. Modeled gm-Vg plots of Triode U1 for various Va. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.129. Modeled gm-Vg plots of Triode U2 for various Va. 
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Figure 6.130. Modeled gm-Vg plots of Triode B1 for various Va. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.131. Modeled gm-Vg plots of Triode B2 for various Va. 
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Figure 6.132. Modeled ra-Vg plots of Triode U1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.133. Modeled ra-Va plots of Triode U2 for various Vg. 
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Figure 6.134. Modeled ra-Va plots of Triode B1 for various Vg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.135. Modeled ra-Va plots of Triode B2 for various Vg. 
r a 
(M
Ω
) 
Va (V) 
Vg 
r a 
(M
Ω
) 
Va (V) 
Vg 
 228
Diamond triode amplifier 
 
AC characteristics of diamond triode amplifier 
AC characteristics of a diamond vacuum triode, in common emitter configuration, were 
characterized by ac input voltage vs. ac output voltage (vin-vout) plots. The ac characteristics of 
the diamond triode amplifier operated at frequency 50 Hz and 100 Hz are shown in Figures 
6.136-6.137. This triode amplifier utilizes Triode B2 (a 256x256 array of boron-doped low sp2 
diamond tips with self-aligned Si-gate, gate-cathode-spacing of 1 µm, and anode-cathode 
spacing of ~1 mm) with a dc load resistor (Ra) of 7 MΩ, and ac load resistor (RL) of 1 MΩ. The 
dc biasing condition are Vg = 31 V, Va =400 V, and Ia = 120 µA. 
 
 
 
 
 
 
 
 
 
Figure 6.136. AC Characteristics for diamond triode amplifier at f=50 Hz. 
 
 
 
 
 
 
 
 
 
Figure 6.137. AC Characteristics for diamond triode amplifier at f=100 Hz. 
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Modeling of diamond triode amplifier 
The magnitude of voltage gain, AV =vout/vin, of the diamond triode amplifier at low 
frequency is ~65. Moreover, it can be seen from Figures 6.136-6.137 that diamond vacuum 
triode is capable of producing large ac output voltage of 90 Vpeak-peak. Av0 can also be calculated 
from the dc characteristics of diamond triode using small signal model of field emission triode as 
shown in Figure 6.138. 
 
 
 
 
 
 
 
Figure 6.138. Small signal model for diamond triode amplifier. 
 
From the small signal model, assuming Rtip<<Rleakgage, AV is given by 
Av = -gm×(RL// Ra //ra) (6.31) 
where gm and ra can be found from the previously calculated values of Triode B2 in 
Figures 6.131 and 6.135, respectively. Using dc biasing condition of Vg = 31 V and Va =400 V, 
gm ≈ 85 µS and ra≈ 9 MΩ are obtained. Since RL = 1 MΩ and Ra = 7 MΩ, RL// Ra = 0.875 MΩ. 
From the known parameters, Av0 = 67.7 is obtained. Thus, Av0 calculated from DC 
characteristics is in good agreement with direct ac measurement. Frequency response of diamond 
triode amplifier will be further investigated in our future work. 
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CHAPTER VII 
 
CONCLUSION AND RECOMMENDATION 
 
Conclusion 
 
Part I: Micro-patterned pyramidal diamond field emission cathode 
I. A mold transfer technique has been developed to achieve diamond field emission 
cathodes. This mold transfer technique can produce well controlled micro-patterned diamond 
emitter with well defined microtip structures and uniformity over a large area. 
II. Methods to improve the diamond field emission behavior have been systematically 
studied. These include the sp2 incorporation into diamond tips, vacuum-thermal-electric (VTE) 
treatment, p-type doping, and tip sharpening. Some conclusions can be drawn from the study: 
A) The effect of sp2 content  
Sp2 content in diamond tips enhances the field emission behavior for both undoped 
and p-type diamond tips. The higher the sp2 content, the lower the turn-on electric field 
has been observed. Two hypotheses have been proposed to explain how sp2 content 
improves the electron field emission of diamond tips. The first hypothesis proposes that 
the defect-induced energy band(s) created by sp2 content is responsible for the field 
emission enhancement. Defect-induced energy bands can be introduced throughout the 
energy gap of diamond due to the presence of a wide variety of structural defects created 
as a consequence of sp2 content particles. The formation of these defect bands raises the 
Fermi level toward the conduction band, and thus reduces the work function. The second 
hypothesis proposes that the isolated sp2 particles in the diamond film form cascaded 
MIM microstructures, which enhance the electric field inside diamond film and thereby 
increase the field enhancement factor. From the analysis of emission data, the second 
hypothesis provides a better explanation because the F-N slope ratios are constant 
independent of VTE treatment. 
B) The effect of VTE treatment 
VTE treatment on diamond tips without gold coating improves the field emission 
behavior. A lower turn-on electric field has been observed after VTE treatment. Two 
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hypotheses have been proposed to explain the effect of VTE treatment for the observed 
field emission enhancement. The first hypothesis proposes that the VTE treatment results 
in impurity desorption. As a result of impurity desorption, the surface work function is 
reduced after VTE treatment. The second hypothesis proposes that VTE treatment results 
in tip deformation due to field forming process. According to the field forming process, 
the tip is reformed into a configuration that increases the electric field locally on the tip 
surface for a given applied field, thereby increases the field enhancement factor β. 
Analysis of the emission data indicates that the second hypothesis is more likely to occur 
because F-N slope ratios between before and after VTE treatment are constant 
independent of sp2 content. 
C) The effect of p-type doping 
a)  For trace sp2 content diamond tips before VTE treatment, the turn-on electric 
fields and work functions are found to increase with p-type doping. This result 
is in agreement with the conventional theory based on energy band diagram.  
The introduction of boron into the diamond crystallite lowers the Fermi-level 
of the bulk and increases the work function. 
b)  On the other hand, for low sp2 content diamond tips before VTE treatment, the 
turn-on electric field decreases with p-type doping. This result can not be 
explained by the lowering of work function. This contradiction may be 
explained by the hot electron model. According to the hot electron model, sp2 
content particles induce electric field in MIM (metal-diamond-sp2 content 
particle) microstructures leads to  the accumulation of hole at metal-diamond 
interface. The accumulation of holes reduces the width of tunneling distance. 
According to this assumption, p-type doping leads to field emission 
enhancement that depends on sp2 content. For no sp2 content, p-type dopants 
do not play a role for field emission enhancement, instead they may result in 
higher work function and degrade field emission enhancement. On the other 
hand, for low sp2 content, p-type dopants play an important role for field 
emission enhancement. 
c)  For the p-type diamond tips after VTE treatment, the turn-on electric field 
decreases with p-type doping. It is proposed that at room temperature, the 
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acceptor state of boron is partially ionized because it is in freezing zone. 
During VTE treatment, the acceptor states become ionized due to thermal 
energy. According to hot electron model, the presence of holes in combination 
with sp2 content particles leads to field emission enhancement via the hole 
accumulation at metal (sp2 content particles)-diamond interface. As a result, 
the electric field inside the diamond film particularly at the tip region is 
enhanced. This leads to the accelerated field forming process and hence 
electron field emission from diamond tip is improved. 
D) The effect of tip sharpening 
Practical diamond tip sharpening method by the mold sharpening process has been 
developed. Very sharp diamond tip with the radius of curvature less than 5 nm have been 
fabricated. Tip sharpening was found to improve diamond field emission significantly by 
the increasing of geometrical field enhancement factor by the factor of 30. 
E) An empirical model for the effect of sp2 content, VTE treatment, p-type doping, 
and tip sharpening have been developed. We proposed that the total field enhancement 
factor, β, in F-N equation consists of four β field enhancement components due 
geometry, (βg), sp2 content (βsp2), VTE treatment (βt), and boron doping (βp). 
β = βgβsp2βtβp 
F) General conclusion of the field emission of diamond cathode 
a)  The field emission characteristics of the micro-patterned polycrystalline 
diamond field emitter can be described by the Fowler-Nordhiem tunneling 
process. 
b)  The best emission characteristic is obtained from the p-type sharpened 
diamond tips with low sp2 content after VTE treatment. The turn-on electric 
field is as low as 1 V/µm. 
c)  In general, the cause of the observed field emission enhancement of diamond 
tips inclines toward the increasing of the field enhancement factor of the 
diamond tips. The conclusion of this study is summarized in Table 7.1. 
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Table 7.1. Conclusion of the proposed hypothesis. 
 
Effect of  
Hypothesis 
 
Control  Factor 
 
Lowering of the  
surface work function 
 
Increasing of the  
field  enhancement  
factor 
 
Primary 
Conclusion 
 
sp2 content Defect-induced band Cascaded MIM structure 
Cascaded MIM 
structure is more 
likely 
VTE treatment Surface cleaning Field forming Process 
Field forming 
process is more 
likely 
Gold coating 
treatment Induced NEA 
MIM structure and 
field forming 
process 
MIM structure 
and field forming 
process is more 
likely 
 
P-type 
doping 
Trace 
sp2 
content 
Raising of the surface 
work function due to 
p-type doping 
 
At present, this is 
the only possible 
hypothesis. 
 
Low 
sp2 
content 
 
Field enhancement 
due to hole space 
charge 
At present, this is 
the only possible 
hypothesis. 
Tip sharpening  
Tip sharpening 
increase 
geometrical field 
enhancement 
component 
This is the only 
possible 
hypothesis 
 
Part II: Monolithic diamond vacuum diode 
I. Five fabrication methods: electrostatic bonding, self-align volcano anode, and self-
align-anode molding (utilizing standard, epitaxial, and SOI wafers) have been developed for the 
fabrication of monolithic diamond field emission diode structures. Self-align-molding technique 
utilizing SOI wafer is the most successful method that we have developed for the fabrication of 
self-aligned anode diamond vacuum diode. It is a highly efficient method that can produce self-
aligned anode diamond vacuum diode over a large area with high fabrication yield. 
II. Monolithic diamond vacuum diodes have low turn-on voltage and high emission 
current characteristics. The lowest turn-on voltage of 0.7 V has been achieved. Excellent 
diamond diode characteristics are attributed to well-engineered diamond microtip structure, sp2 
content, VTE treatment, boron doping, and micron-size anode-cathode spacing. 
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III. The emission characteristics of monolithic diamond vacuum diodes conform to F-N 
model. Moreover, the emission current has been confirmed to be temperature insensitive up to 
200 °C. 
 
Part III: Monolithic diamond vacuum triode 
I. Two fabrication methods: Integrated cap anode by electrostatic bonding technique and 
integrated anode utilizing SOI substrate have been developed for the fabrication of monolithic 
diamond field emission triode structures. Each technique has pros and cons and thus they are 
suitable for different applications. 
II. Emission characteristic from diamond vacuum triodes have been studied with three 
different parameters: anode-cathode spacing, diamond doping, and array sizes. Some conclusion 
can be drawn from this study. 
A) Amplification factor increases and anode saturation voltage decreases as anode-
cathode spacing increases. This observation can be explained by electrostatic theory. As 
the anode-cathode spacing increases, the anode potential will have less affect on electric 
field at the cathode, and thereby have less influence on anode current. As a result, 
amplification factor increases and lower saturation anode voltage occurs. 
B) Amplification factor increases and anode saturation voltage decreases with boron 
doping of diamond cathode. We proposed that boron doping on diamond cathode reduces 
cathode resistance from the back contact to diamond tips, and thereby reduce potential 
drop and electric field reduction at the cathode. The potential drop and electric field 
reduction due to cathode resistance would be more significant for the gate voltage than 
the anode voltage. Consequently, amplification factor increases and saturation anode 
voltage decrease. 
C) Emission current and transconductance increases but anode resistance decrease as 
the array size increases. This is the direct result of increasing of emitting area. 
III. We have developed a semi-empirical model for diamond vacuum triodes. Anode 
emission current of diamond vacuum triodes have been satisfactorily modeled based on the 
modified F-N equation for triode and a new general empirical model for emission transport 
factor. 
IV. Diamond vacuum triodes with good emission characteristics have been achieved. 
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- Low gate turn-on voltage and high emission current. Low gate turn-on voltage of 10 
V has been achieved. Good diamond triode characteristics are attributed to well-
engineered gated diamond emitter structure, sp2 content, VTE treatment, boron 
doping. 
- High static gain (amplification factor). High amplification factor of 800 have been 
achieved. High static gain is attributed to well-design gated structure, boron doping of 
diamond tip, and large anode cathode spacing. 
- High transconductance. High transconductance of 100 µS at anode emission current 
of 200 µA have been achieved. High transconductance is attributed to low turn-on 
voltage and high emission current characteristics of diamond vacuum triode. 
V. Diamond vacuum triode amplifier has been demonstrated. Diamond vacuum triode 
amplifier exhibits high ac voltage gain of 65 at low frequency and capable of producing large ac 
output voltage of 90 Vpeak-peak. Frequency response of diamond vacuum triode amplifier will be 
further investigated in our future work. 
 
Recommendation for further investigation 
It is suggested that the results of this research should be extended and investigated in the 
following topics. 
− The n-type diamond tips should be developed. The n-doped diamond film is an ideal 
approach to get the best field emission characteristics for the diamond field emitter, 
because n-type doping provides abundant electrons in conduction band, which is the 
main contribution of the emitting electron. Therefore, practical techniques to make an 
effective n-type doping in diamond need to be developed. 
− Since the current self-aligned gate diamond field emitters still have leakage current 
and large gate capacitance problems, the self-aligned gate diamond field emitter 
should be further improved by utilizing gated diamond tip on a pole structure with 
thick nitrided-oxide spacer. With this structure, leakage current and large gate 
capacitance problem should be eliminated, and thus diamond field emitter triodes will 
be suitable for high frequency applications. 
− Physical and theoretical model for diamond field emission devices should be further 
studied and developed. 
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− Diamond field emission should be applied in a number of potential applications in 
vacuum microelectronics. For examples, 
! Integrated circuits utilizing diamond vacuum diode and triode such as differential 
amplifiers, digital logic circuits 
! High frequency, high power, high current applications 
! High power microwave tubes 
! Neutralizer and electric propulsion 
! Field emission display 
! Vacuum microelectronic sensors 
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